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Abstract 
Australian freshwater systems have highly variable flow regimes influenced by El Nifio 
dry- and La Nifia wet- phases of the Southern Oscillation climate phenomenon (SOI). A 
system characterised by strong climate forcing offers opportunities to disentangle the 
links between fish growth and climate in order to determine how fish populations could 
respond to changes in flow arising from climate change or anthropogenic activities 
(water extraction, river regulation, etc). Life histories (an organism's schedules of 
growth, maturity and longevity) form the very essence of population dynamics and thus 
are likely to comprise a sensitive suite of characteristics for reflecting differences in the 
environment and climates that populations have experienced. An ideal way to 
investigate life-history variation is through the use of otoliths to extract age information 
and reconstruct growth chronologies. This thesis is novel in that otolith growth 
chronologies extracted from an extant fish species were firstly validated as 
environmental recorders of climate over a range of spatial scales (from single reservoir 
to river system), and then modem life-histories were compared with Pleistocene remains 
of the same species over truly evolutionary timescales. 
This PhD studied the otoliths of the Australian freshwater fish golden perch, Macquaria 
ambigua (Percichthyidae). Golden perch are common and widespread across fifteen 
degrees of latitude and occur in four major drainage basins across southeastern and 
central Australia. Given their broad distribution, extant populations currently experience 
a wide range of climatic regimes and large differences in age and growth were expected. 
This study firstly established that golden perch otoliths were suitable for reconstructing 
growth chronologies by validating the three central assumptions that otoliths could be 
aged accurately, measured precisely and that otolith growth sensitively reflected relative 
somatic growth. During this validation, a Biochronology macro was developed to 
improve the precision of otolith annual-growth measurements by ensuring their 
orthogonality to the direction of otolith growth even with changing annual opaque zone 
orientations across the otolith section. 
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This Biochronology macro was then applied to golden perch collected from Googong 
reservoir, New South Wales, which is at the upper altitudinal and lower thermal limit of 
the biogeographical range for golden perch. Otoliths proved to be excellent archives of 
the local environmental conditions experienced over 1982 to 1999 as synchronous inter-
annual growth fluctuations were recorded in the somatic and otolith increment width 
records for fish of all ages. 73 .4% of the inter-annual variation in the population growth 
chronology was explained by three environmental parameters: fluctuations in Googong 
reservoir's water level, minimum dissolved oxygen saturations, and the length of the 
growing season (number of degree days exceeding 20°C). Low water levels, low oxygen 
saturations and short growing seasons all combined to result in poor fish growth. 
These linkages between fish growth and local environmental conditions from a single 
reservoir were then scaled up to determine if there were synchronous fluctuations 
between widely separated populations in years of strong climate forcing. 1,240 golden 
perch otoliths were measured from seven populations that were isolated from one 
another by barriers to dispersal (dams and weirs). Five populations were clustered 
around the Australian Capital Territory and two populations were located hundreds of 
river kilometres downstream in New South Wales. The twenty-nine year growth 
chronology from 1972 to 2000 was highly correlated with the average annual values of 
the Southern Oscillation Index (SOI) over 1972-1992 but not over the final eight years 
1993-2000 (correlations of 0.59 and -0.62 respectively). This highlights that rather than 
there being a predictable relationship between fish growth and the SOI through time, 
populations can drift in and out of synchrony dependent upon the relative combination, 
strength and autocorrelation of sub-components of high frequency climate disturbances. 
Growth chronologies were then constructed at the opposite climate extreme to the 
southern Murray-Darling Basin (MDB), focusing on golden perch inhabiting the 
intermittent rivers of the Lake Eyre Basin (LEB) that run through the deserts of Central 
Australia. However, similar to the results for golden perch growth in the cooler and less 
arid MDB, otolith chronologies in the LEB were highly synchronous among individuals 
and were significantly correlated with annual discharge. Annual discharge explained 
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74% and 18% of the inter-annual growth variation for fish from the Diamantina River 
and Cooper Creek respectively. 
Finally, the age and growth of golden perch at the two extremes of their extant range 
(MDB and LEB) were compared with Pleistocene remains of the same species 20-
17,000years ago (calendar years). This was in order to estimate life-history divergence 
across modem populations as well as investigate the extent of change over thousands of 
years. The Pleistocene otoliths were from the dry Willandra Lakes in the MDB, dated 
back to an oscillatory lake phase shortly after the last glacial maximum (6-9°C cooler 
than modem). Although there have been no changes to external otolith dimensions, 
substantial age differences were described for fossil and modem samples. In particular, 
older age classes were far more common for Pleistocene golden perch (up to 43years) 
when compared to their modem counterparts (up to 26 years). Otolith increment widths 
at age were also narrower, interpreted as representing slower somatic growth during the 
glacial climate phase. The slower growing and greater longevity Pleistocene golden 
perch could well have reached larger asymptotic sizes than historical records (23kg and 
76cm) given the well known demographic trade-offs among these traits. 
For comparisons among modem populations, age distributions were similar for LEB and 
MDB populations, even though the lower mortality MDB environments were expected 
to have a greater frequency of older age classes. It is suggested that a lack of older age 
classes in the MDB may represent a legacy of commercial over-exploitation during the 
19th and 20th Centuries as well as a disruption of ecological processes through river 
regulation. Comparisons of otolith growth patterns revealed that the LEB population had 
wider increment widths-at-age when compared to the MDB, most likely as a function of 
longer growing seasons, warmer temperatures and faster growth. Spatial divergence of 
modem life-histories were identified, but the magnitude of differences across modem 
climate extremes were nowhere near as substantial as the growth and longevity changes 
over the last 20,000 years of climate change. In conclusion, otoliths offer considerable 
potential as growth archives to retrieve the environmental histories of both individuals 
and populations over a wide range of spatial and temporal scales. 
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Chapter 1 - General introduction 
Introduction 
Species and climate change 
As global climate changes due to natural and anthropogenic influences, it has become 
critical to better understand current and past climates and their various forcing 
mechanisms on the survival, distribution, and life-history characteristics of species. To 
be able to predict the impacts of future climate shifts on biodiversity and species' 
ecology, we firstly need a well-developed understanding of how organisms interact with 
their environment. 
Species response to climate change can be manifested in a variety of ways. These 
include changes in relative abundance (Brander 1996), timing and pattern of migration 
(Dom 1995, Sparks and Yates 1997), geographic distribution (Destasio et al. 1996, 
McFarlane et al. 2000) reproductive performance (McFarlane et al. 2000, Bertram et al. 
2001) and ecological dynamics (e.g. competition, disease, predation) via shifts in 
community composition. (Holbrook et al. 1997). However of particular interest to this 
study, is the aim of understanding how the life-history characteristics of fish age, growth 
and mortality vary with climate across space and through time. This is because these 
three life history characteristics are perhaps the most significant factors controlling fish 
population dynamics (Campana and Thorrold 2001) and consequently are likely to have 
the greatest sensitivity for reflecting differences in environment and climate. 
Life-histories can be defined as the suite of traits that affect an organism's schedule of 
reproduction and mortality (e.g. longevity, growth rate, age and size at maturity, etc), 
which together modulate the lifetime reproductive output or fitness of the individual 
(Steams 1992). Natural selection acts to optimise fitness, and over the course of 
evolutionary time there will be selection for those genotypes in a population with the 
schedules of birth, death, growth and fecundity which result in the greatest number of 
reproductively successful descendants (Cole 1954). However, given finite resources in 
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the environment, basic demographic relationships predict trade-offs between factors 
such as size at maturity, fecundity, growth, survival and reproductive investment (e.g. 
Schaffer 1979, Reznick 1983, Roff 1992, Gunderson 1997, Roff et al. 2002). Under a 
given range of environmental conditions and relative mortality regimes, 'optimal' 
combinations of traits are anticipated to become more common in the population and a 
particular life-history pattern will develop (Roff 1984, Winemiller 1989). Comparing 
patterns of life-history within a species across its modem range as well as through 
evolutionary time will thereby give insight into key environmental factors that drive 
ecological change (Winemiller and Rose 1992, van Winkle et al. 1993). 
Over recent years, the number of studies linking environment and climate to the 
dynamics of fish populations has grown steadily, although the focus has typically been 
on Northern Hemisphere species of commercial and recreational importance. Examples 
of studies exploring connections between fish population dynamics and climate-driven 
environmental factors cover a wide range of species and climate phenomena and 
include: sockeye salmon, Oncorhynchus nerka, and the Pacific Ocean climate shift of 
1976-77 (Beamish et al. 1997); coho salmon, Oncorhynchus kisutch, and ocean 
circulation in the Strait of Georgia (Beamish et al. 1999); and hake, Merluccius 
productus, and sardines, Sardinops sagax, with the Aleutian Low Pressure Index, the 
Pacific Atmospheric Circulation Index and the Pacific Interdecadal Oscillation Index 
(McFarlane et al. 2000). Forecasting the impacts of anthropogenic climate change on 
fish stocks has also largely been restricted to the Northern Hemisphere. For example, see 
Jager et al. (1999) who predict the consequences of climate change for sympatric 
populations of brown trout, Salmo trutta, and rainbow trout, Oncorhynchus mykiss, in a 
Sierra Nevada stream. Therefore, it is clear that studies of Southern Hemisphere climate 
and wholly freshwater fish species are lacking, and it is this knowledge gap that will be 
partly addressed by this thesis. 
However, unlike the majority of Northern Hemisphere studies, the use of commercial 
fisheries catch data to model the linkages between fish populations and climate was not 
considered feasible for the Australian freshwater situation. This is because commercial 
3 
Chapter 1 - General introduction 
catch data for freshwater species is relatively short, sparse and of variable quality 
(changing fishing effort, methods, reporting, etc) (Reynolds 1976, Rowland 1989). 
Long-term ecological data (repeated field observations) are another option for 
monitoring ecological change, but unfortunately are also lacking for Australian 
freshwater systems. A solution to this temporal problem of how to measure change over 
timescales more than a few years in length was identified through the use of fish otoliths 
as retrospective environmental proxies. 
The value of otoliths 
Otoliths are biogenic carbonate concretions which form part of the hearing/balance 
system in fishes (Campana and Neilson 1985). They are of particular interest to 
scientists for they deposit regular growth increments, which are laid down on a daily, 
seasonal and annual basis and can be used to age fish (Secor et al. 1995). Indeed, growth 
rings on biological hardparts have been used to age fish for hundreds of years. Vertebrae 
have been used to age eels as far back as 1759 (Hederstrom 1959), annuli on scales since 
1888 (Carlander 1987), and otoliths since 1899 when Reibisch first observed annual 
increments in Pleuronectes platessa (cited in Jones 1992). The age and growth 
information extracted from otoliths have become cornerstones of fisheries science, but it 
is only relatively recently that their potential has extended into new areas of application 
such as microchemistry (chemical fingerprints to trace fish movements, see review by 
Campana and Thorrold 2001) and the field of biochronology which is the focus of this 
study (growth histories reconstructed from biological hard parts, Pereira et al. 1995). 
Tree rings are the archetypal ageing structure for developing growth chronologies and 
reconstructing past climates (e.g. see Fritts 1976, Cook and Kairiukstis 1990), but to date 
the emphasis of fisheries studies has been quite the reverse of dendrochronology and 
dendroecology studies. In fisheries ecology, it is the comparative age and growth of 
individuals that are of primary interest. In contrast, in dendrochronology interest in 
information about individual trees is superseded by an interest in using the chemistry, 
4 
Chapter 1 - General introduction 
density and relative spacmg of each tree's growth ring record as a proxy for 
reconstructing environmental conditions. Dendrochronology studies have successfully 
linked the chemistry and relative growth of trees over centennial timescales to summer 
air temperatures (D'Arrigo et al. 2001), precipitation (Diaz et al. 2001), river flow 
(Loaiciga et al. 1993, Meko et al. 2001), drought (Meko et al. 1995), earthquakes 
(Jacoby 1997), volcanic eruptions (Briffa et al. 1998) and fire regimes (Barton et al. 
2001). It is only now that fish ecologists are changing perspective to consider 
environmental reconstruction as a primary aim, with the hope that otoliths can be 
developed into new environmental sensors for the aquatic environment. 
Calcified structures have been used as environmental proxies in other organisms with 
great success. These include banding or variation in optical density in bivalve shells 
(Dettman et al. 2001), coral skeletons (Cook 1995, Gagan et al. 2000, McCulloch and 
Esat 2000, Woodroffe and Gagan 2000, Suzuki et al. 2001), and mammal teeth (Fox 
2000, Stuartwilliams and Schwarcz 1997). To this list we can now add fish otoliths. Fish 
hardparts are beginning to be used in a similar manner to tree ring records - to 
reconstruct long-term chronologies that act as proxies for environment and climate 
conditions. Essentially it is assumed that under poor somatic growth conditions, hard 
part increment widths are reduced in contrast to periods of more favourable growth 
(Campana 1990). Studies that have developed growth chronologies from fish hardparts 
include: 
• Boehlert et al. (1989) who constructed a time series of growth from 1896 to 1979 
using sagittal otoliths from two species of the genus Sebastes in the NE Pacific 
Ocean. This study reported increased growth after 1972 due to density-dependent 
release when stock biomass declined after commercial exploitation. 
• Pereira et al. (1995) who used sagittal otoliths of freshwater drum, Aplodinotus 
grunniens, to create a 110 year chronology (1879 to 1989). Growth was found to 
be correlated with summer air temperatures. 
• Cyterski and Spangler (1996) who used scales of Red lake walleye, Stizostedion 
vitreum, and found significant predictors of fish growth over 1944 to 1992 to 
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include average February temperature, cumulative degree-days in July, walleye 
year-class strength, and growth of young-of-the-year (YOY) walleye. 
• LeBreton and Beamish (2000a,b) who described forty-eight years of Lake 
Sturgeon, Acipenser fulvescens, pectoral fin ray growth (1949 to 1996). This 
study found growth to be correlated with mean annual, summer and winter air 
temperatures. 
As has been demonstrated from the previous examples, fish are provmg excellent 
organisms with which to develop growth chronologies over decadal timescales, namely 
due to their plastic and indeterminate growth patterns (Weatherly and Gill 1987). Fish 
growth responds to a complexity of internal (physiology, metabolism, behaviour) and 
external factors (food, competition, environment and climate) (Casselman 1987). 
However, the advantage of using otoliths over other calcified structures lies in their 
unique biochronological properties (see review by Campana and Thorrold 2001). 
Namely, otoliths form a permanent and continuous record that is not resorbed or 
metabolically reworked during periods of starvation (Campana and Neilson 1985), 
unlike other calcified structures such as scales (Bilton 1974) and bones (Kacem et al. 
2000). 
Growth records have even been compared between tree and fish species providing new 
insights into the diversity of aquatic and terrestrial species responses to the same climate 
conditions (Guyette and Rabeni.1995, LeBreton and Beamish 2000a). Of particular note 
is the study of Guyette and Rabeni (1995) in the Ozark region of the United Sates, which 
recorded similar growth responses among divergent organisms yet differing growth 
responses among closely related fish species. Correlated growth patterns were observed 
between rock bass (Ambloplites rupestris), and four species of tree (white oak Quercus 
alba, post oak Q. stellata, shortleaf pine Pinus echinata and eastern red cedar Juniperus 
virginiana). In contrast, growth chronologies of rockbass (A. rupestris) and smallmouth 
bass (Micropterus dolomieu) were unrelated and were correlated with very different 
components of the environment (July rainfall and stream discharge versus mean May 
maximum air temperature respectively). The timing and intensity of climatic variables, 
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stream gradient, orgamsm age and the distribution of the population relative to its 
geographic range all influenced the growth response (Guyette and Rabeni 1995). 
Fish have much shorter lifespans than trees, and thus at an individual level they only 
permit growth reconstructions to extend to inter-annual and decadal time-scales unlike 
the centennial-scales achieved in dendrochronology. Nevertheless, they offer great value 
for the reconstruction of longer-term climate and environmental information for they are 
often well preserved in fossil deposits. 
Fossil otoliths 
Fossil otoliths preserved in sedimentary sequences have been studied over a wide span 
of geological time. This includes the Jurassic (Patterson 1999), the Eocene/Oligocene 
boundary (Ivany et al. 2000), through to more recent Pleistocene and Holocene deposits 
(Patterson 1998, Andrus et al. 2002b). There are many different research questions to 
which these ancient otoliths can be applied. Traditionally, fossil otoliths have principally 
been used for investigating the relative taxonomic composition of species assemblages 
through time (e.g. see review by Nolf 1995), taking advantage of the fact that external 
otolith shape is species-specific (Campana and Casselman 1993). Other applications 
include examining the concentration of otoliths in sediments to infer changes in stock 
abundances. For example, Soutar and Isaacs (1974) examined fluctuating population 
abundances of Engraulis mordax, Sardinops sagax and Merluccius productus by 
counting fish scales preserved at different depths in anoxic varved sediments. Another 
application includes surveying the geographic distribution of otolith remains to infer 
changes in species distribution. For example, Elder et al. (1996) examined over one 
thousand surface sediment samples from the Atlantic continental margin of the United 
States to determine the feasibility of using fossil fish otoliths in reconstructing latitudinal 
distribution of fish stocks during the Holocene. Otoliths also offer a means to obtain 
ethnographic information on seasonality of capture and duration of ancient fisheries, as 
the season of capture can be identified from measuring relative otolith size (Mellars and 
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Wilkinson 1980) or marginal increments (Hales Jr and Reitz 1992, Higham and Hom 
2000). 
It is only relatively recently that the internal microchemistry and microstructure of 
ancient otoliths has been extracted to provide more detailed environmental information 
on past ecologies and climates. Otolith oxygen isotopes can be used to reconstruct 
temperatures (Andrus et al. 2002a,b) but the use of otolith carbon and nitrogen isotopes 
to reconstruct palaeodiets unfortunately shows little potential (Dufour 1999). Otolith 
geochemical studies to date include: the reconstruction of palaeotemperatures across the 
Eocene/Oligocene boundary, approximately 33.7 million years ago (Ivany et al. 2000); 
the reconstruction of seasonal temperature variations from Lake Erie freshwater drum 
otoliths, Aplodinotus grunniens, obtained from Paleo-Indian middens A.D. 985-1530 
(Patterson 1998); and the reconstruction of modem and mid-Holocene sea surface 
temperatures using sagittal otoliths of the Peruvian sea catfish, Galeichthys peruvianus 
(Andrus et al. 2002a,b ). 
Although the true value of fossil otoliths is only just beginning to be realised, calcified 
structures from a range of other organisms have already proven to be excellent proxies 
of ancient environments. Examples of well developed carbonate proxies for 
reconstructing temperature (oxygen stable isotopes), salinity (trace elements such as 
strontium and magnesium) and palaeodiet (carbon and nitrogen stable isotopes) include: 
• ostracods (Chivas et al. 1985, 1986, Holmes 1996), 
• corals (Cook 1995, Gagan et al. 2000, McCulloch and Esat 2000, Woodroffe and 
Gagan 2000, Suzuki et al. 2001), 
• bivalves (Ingram and Depaolo 1993, Aguirre et al. 1998, Dettman et al. 2001, 
Wurster and Patterson 2001 ), and 
• mammal tooth enamel (Ayliffe et al. 1994, Stuartwilliams and Schwarcz 1997, 
Connin et al. 1998, Fox 2000, Palmqvist et al. 2003). 
However, not all calcified structures are preserved equally well in the fossil record. For 
ancient fishes, bones (calcium phosphate, apatite) are fragile, often fragmented and 
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subject to significant post-mortem diagenesis (Dufour 1999), which limits their potential 
for retaining growth increment, elemental and isotopic signatures of the environment 
they once experienced. The general preservation issues of otoliths in the fossil record are 
very similar to those of other biological structures (see general review by Kidwell and 
Holland 2002). In essence, the taphonomy and stratigraphy of fossil deposits can be 
affected by: incomplete depositional sequences; challenges in taxonomic identification 
and accuracy (especially with older samples where no modem-day analogues exist); 
differential preservation of species and body parts; variation in the temporal and spatial 
resolution of preservation; and mixing and bioturbation of stratigraphic layers. There is 
also the potential for diagenesis (post-mortem alterations) to dissolve otolith aragonite 
(Nolf 1995) but recent studies have found otoliths to be remarkably resistant to such 
changes. Internal microstructural features such as growth increments are usually well 
preserved, and where modifications do occur, they tend be of limited extent (Dufour 
1999, Dufour et al. 2000, Andrus and Crowe 2002). Isotopic compositions are also 
relatively resistant to diagenesis (Dufour et al. 2000), except in cases of burning (Andrus 
and Crowe 2002), whereas elemental compositions are significantly altered by both 
post-mortem disposal methods and burning (Andrus and Crowe 2002). Therefore, for the 
purposes of this study, ancient otoliths are expected to possess well-preserved internal 
growth structures that can be used to reconstruct growth chronologies, with the potential 
for trace element and stable isotope studies awaiting further validation studies. 
Study species 
Golden perch, Macquaria ambigua Richardson 1845, is one of Australia's larger 
freshwater fish species that belongs to the family Percichthyidae. Most of the 
Percichthyidae are endemic to Australia and the family comprises approximately 
twenty-two species and two sub-species from eight genera (Johnson 1984). This 
includes three species of freshwater cod (genus Maccullochella ), five described and two 
cryptic species of brackish and freshwater perches (genus Macquaria), two species of 
river blackfishes (genus Gadopsis), six species of pygmy perches (genera Nannoperca 
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and Nannatherina), the monotypic nightfish (Bostockia porosa) (Jerry et al. 2001) and 
the Bloomfield river cod (Guyu wujalwujalensis) (Pusey and Kennard 2001). 
Golden perch have a broad distribution across four large river basins in Australia (Allen 
1989). These include the central Australian Lake Eyre Basin (LEB), the Murray-Darling 
Basin (MDB) of south-eastern Australia (both basins have catchment areas exceeding 
one million km2), the Bulloo-Bancannia Basin located between the LEB and MDB, and 
the coastal Fitzroy-Dawson Basin of eastern Queensland. Morphometric and 
electrophoresis studies have revealed structuring between populations in the four river 
basins, with the LEB golden perch concluded to be a cryptic species separate from MDB 
golden perch (Musyl 1990, Musyl and Keenan 1992). The LEB golden perch awaits 
formal description as a separate species but is nevertheless closely related to its sister 
MDB species. This close relationship was demonstrated by Jerry et al. (2001), who 
found no sequence divergence between the two sister species of golden perch using two 
segments of the mitochondrial 12S rRNA gene when assessing deeper phylogenetic 
relationships among species of the Percichthyidae. 
As an overview of golden perch's general biology, this species can reach sizes of 23kg 
and 76cm in length but typically they are less than 5kg (Lake 1967a). Golden perch are 
generalist carnivores consuming a varied diet of crustaceans, insects, molluscs and small 
fish (Battaglene 1991, Harris and Rowland 1996) and they typically occupy deep slow-
flowing habitats associated with cover such as woody debris (Crook et al. 2001). Golden 
perch are also relatively long-lived, with a maximum age of twenty-six being recently 
reported (Mallen-Cooper and Stuart 2003). Males mature at between two and three years 
of age and females between four and five (Lake 1967b, Battaglene 1991, Mallen-Cooper 
and Stuart 2003). This species has a protracted summer breeding season (October to 
March) and females are capable of producing up to one million non-adhesive pelagic 
eggs in a single spawning attempt (Lake, 1967b, Mackay 1973, Battaglene 1991). 
Golden perch were previously considered to be restricted to flood-cued spawning (Lake 
1967b), with gonads involuting at the end of the spawning season in the absence of 
appropriate stimuli (Battaglene 1991). However, evidence suggests that their 
10 
Chapter 1 - General introduction 
reproductive biology is much more flexible with spawning also recorded in response to 
in-channel flows (Mallen-Cooper and Stuart 2003) as well as limited spawning under 
no-flow and drought conditions (Mackay 1973). In terms of migratory behaviour, mature 
golden perch typically display small home ranges around specific microhabitat areas 
(Crook et al. 2001), but when stimulated by flows and floods, they can undertake long 
distance movements thought to be connected to spawning behaviour (e.g. up to 
2,300km, Reynolds 1983). Long distance movements have also been recorded for 
young-of-year golden perch as they disperse to new feeding- and settlement- habitats 
(Mallen-Cooper et al. 1995). 
Physiological studies of the species have also been undertaken, including measuring 
responses to stress (Carragher and Rees 1994) and starvation (Collins and Anderson 
1995, 1997, 1999). The studies of Collins in particular, have been invaluable for 
developing an improved understanding of how individuals are able to regulate 
endogenous energy stores and reproductive development to enable them to survive the 
highly variable conditions encountered in Australian rivers. Golden perch starved for up 
to seven months mobilized energy stores from their perivisceral fat deposits in a 
sequential process that largely protected the integrity of their musculature. When re-
feeding was commenced, starved golden perch were able to recover their body condition 
within thirty days, displaying rapid growth and increased food conversion efficiency 
compared to control fish fed to satiation. Furthermore, starved fish completed 
reproductive development (vitellogenesis) soon after re-feeding whereas control fish did 
not. This demonstrates the remarkable physiological adaptations of the species to cope 
with- and recover from- extended periods of food deprivation. 
Golden perch was chosen as the focus species for this study for five reasons. Firstly, 
golden perch are a common species of fish with a wide distribution across southeastern 
and central Australia over a 15° range in latitude (Anderson et al 1992a). Therefore, 
populations currently experience a wide range of climatic regimes and large differences 
in growth patterns were expected. Secondly, basic biological information is lacking for 
many Australian freshwater fish (Unmack, 1995), but this is not the case for golden 
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perch given its status as a popular recreational angling species. Knowledge of golden 
perch ecology is generally more advanced than other freshwater species (refer to review 
by Koehn and O'Connor 1990). Thirdly, several substantial otolith collections from 
across south-eastern Australia were available for use in this study (Anderson et al. 
1992a, Mallen-Cooper and Stuart 2003). Value-adding on existing otolith collections by 
extracting growth information in addition to age information was viewed as beneficial 
for enhancing knowledge of the species without requiring the culling of more specimens. 
Fourthly, not only were a large number of otoliths already available for this study, but 
the otoliths of this species are relatively large and annual increments are clearly defined, 
thereby making them well suited to the extraction of high precision growth 
measurements. Fifthly, Pleistocene golden perch were just as common and widespread 
as their modem-day counterparts, and a significant otolith collection from Willandra 
Lakes, NSW, was also available for use and radiocarbon-dated back to the last Glacial 
maximum 16,000 years ago. 
Thesis aims and structure 
Australian freshwater systems have highly variable flow regimes (Puckridge et al. 1998) 
with discharge being coupled with El Nifio dry- and La Nifia wet- phases of the ENSO 
climate phenomenon (Allan 1985, Simpson et al. 1993, Puckridge et al. 2000, Roshier et 
al. 2001). A system characterised by strong climate forcing offers opportunities to 
disentangle the links between fish growth and climate in order to determine how fish 
populations might respond to anthropogenic climate change or change in flow regime 
due to anthropogenic activities (water extraction, river regulation, etc). Broadly, the aims 
of this project were to determine how the life-history characteristics of a widely 
distributed species of freshwater fish varied across its extant biogeographic range as well 
as through evolutionary time. An ideal way to investigate life-history variation is 
through the use of otoliths to extract age information and reconstruct growth 
chronologies that can be correlated with environmental conditions. This thesis is novel 
in that otolith growth chronologies extracted from an extant fish species are firstly 
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validated as sensitive environmental recorders, and then life-histories are compared with 
Pleistocene remains of the same species over truly evolutionary timescales. 
This thesis exploring linkages between fish growth and climate is divided into seven 
chapters. Chapter 2 develops and validates an improved method for constructing growth 
chronologies from otoliths. This method is applied in Chapter 3 to create a seventeen-
year chronology of golden perch growth in Googong Reservoir, NSW, to investigate 
whether inter-annual growth patterns are correlated with extrinsic climate factors. 
Chapter 4 then examines the evidence for widespread spatial synchrony in relative fish 
growth across southeastern Australia during years of strong El Nifia drought- and La 
Nifia flood- phases of the ENSO climate phenomenon. Chapter 5 moves away from the 
dryland rivers of southeastern Australia into the arid extremes of golden perch's current 
range, the intermittent rivers of the Lake Eyre Basin, in order to investigate growth and 
recruitment characteristics under an entirely different climate regime. Chapter 6 then 
compares the envelopes of age and growth variation across golden perch's modem range 
(regulated Murray-Darling Basin rivers with winter-dominant flows versus highly 
variable Lake Eyre Basin rivers with summer-dominant flows) and through evolutionary 
time (modem otolith collections versus Pleistocene otoliths from Willandra Lakes, 
NSW). The threads of this thesis are then tied together into a general discussion in 
Chapter 7 that also highlights potentially valuable avenues of further research. 
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· An improved otolith-based method to reconstruct 
the growth histories of golden perch 
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Abstract 
The otoliths of golden perch, Macquaria ambigua, are well suited to the construction of 
long-term growth chronologies. Growth chronologies allow us to assess natural 
variability and long-term changes and are useful because they increase our 
understanding and ability to predict ecological response to disturbances. In order to 
develop sensitive growth chronologies, otolith transverse sections firstly had to satisfy 
three central assumptions. These were that otoliths could be aged accurately, measured 
precisely, and that otolith growth faithfully recorded relative somatic growth. In terms of 
ageing accuracy, golden perch typically had very clear otoliths. A 95% agreement 
between age estimates was reached across readers for a mixture of 388 known-age and 
wild fish over the full age range for this species. Otolith increment widths (proximal 
surface) were also measured precisely relative to even the narrowest of increments at 
older ages (average measurement precision of 5µm, mean increment width at age nine 
lOlµm). A high precision was achieved in the measurement of increment widths 
principally due to the development of a novel biochronology macro which explicitly 
incorporated the geometric properties of changing opaque zone orientation across the 
otolith section. Geometric adjustments ensured orthogonal measures of increment width 
no matter the position of the measurement transect relative to the opaque zones. Further, 
the influence of transect location across the otolith and variation in sectioning position 
were empirically assessed using mixed models (REMLs). Both sources of potential error 
were found to be non-significant in accounting for variation in increment widths. Golden 
perch otoliths also satisfied the third assumption by sensitively recording relative 
somatic growth. Individual otolith records displayed synchronous inter-annual growth 
variations that faithfully reflected a poor somatic growth period over 1990-1992 (narrow 
increments-at-age) and an improved growth year in 1993 (wide increments-at-age). Thus 
otoliths of golden perch show considerable potential for the development of long-term 
growth chronologies for use in the investigation of climate and density-dependent 
controls on fish growth. 
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Introduction 
Variation in ecological systems often occurs over timescales exceeding the relatively 
short scope of fisheries studies (typically several years), consequently limiting our 
understanding and ability to develop and test appropriate hypotheses (Magnuson 1990). 
To understand or predict long-term changes (at least decadal) in the dynamics of 
biological communities, repeated observations are required over medium- to long-
timescales (Fruget et al. 200 I). Yet a commitment to the collection of long-term 
ecological data is often prohibitively expensive and fraught with difficulties such as 
evolving methodologies and research interests (Statzner et al. 1994). A solution to this 
temporal problem in ecological research is the construction of retrospective growth 
chronologies from biological hard parts such as fish otoliths, scales, bones, and fin rays 
(e.g. Boehlert et al. 1989, Guyette and Rabeni 1995, Pereira et al. 1995, Cyterski and 
Spangler 1996, LeBreton and Beamish 2000a, Ostazeski and Spangler 2001 ). 
The relative spacing of hard part growth increments have been successfully used to 
reconstruct past histories of somatic growth and to determine whether these correspond 
to climate factors such as air temperatures and extreme El Nifio events (LeBreton et al. 
1999, Woodbury 1999, LeBreton and Beamish 2000a), environmental factors such as 
eutrophication (Rijnsdorp and Vanleeuwen 1996), density dependent factors such as 
increased growth through competitive release following fisheries exploitation (Boehlert 
et al. 1989), and/or a combination of some or all of these factors (Pereira et al. 1995, 
Cyterski and Spangler 1996, Ostazeski and Spangler 2001). Inter-annual growth 
variations have even successfully been compared between fish and tree-ring records, 
demonstrating that the timing and intensity of climate variables can produce a diverse 
range ofresponses (Guyette and Rabeni 1995, LeBreton and Beamish 2000b). 
However in order to use the relative spacing of otolith increments to develop growth 
chronologies, three implicit assumptions are made. These are that fish can be aged 
accurately, growth increments can be measured precisely and that otolith growth is 
strongly correlated with somatic growth (Bradford and Geen 1987, Stevenson and 
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Campana 1992). Validating the three central assumptions is an essential first step before 
biochronologies can be developed and used to assess inter-annual variation in golden 
perch growth due to climate and/or density-dependent processes. This chapter aims to 
explore the boundaries of these central assumptions and develop an improved method 
for extracting growth information from golden perch otoliths. 
Materials and Methods 
Ageing method validation 
The use of sagittal otolith thin-sections to estimate the age of golden perch has 
previously been validated to 8, 9 and 12 years (Anderson et al. 1992a, Mallen-Cooper 
and Stuart 2003, Battaglene 1991 respectively), through the techniques of examination 
of known-age stocked fish, progression of discrete size classes over time and marginal 
increment analysis. In order to develop a consistent and accurate ageing method for this 
study, known-age fish from stocked populations were aged as a reader training exercise 
(sensu Campana 2001). Age estimates and otolith sections of a mixture of stocked and 
wild golden perch were obtained from the Murrumbidgee river, Murray river, Moira 
Lakes, Googong reservoir, and Burrinjuck reservoir (Anderson et al. 1992a) and from 
the Murrumbidgee river at Narrandera, and Torrumbarry Weir on the Murray river 
(Mallen-Cooper et al. 1995, Mallen-Cooper and Stuart 2003). Three hundred and eighty-
eight otolith sections were available, accompanied by age estimates from several 
different readers encompassing the full age range known for this species (1 to 26years) 
(Mallen-Cooper and Stuart 2003). Using a reference collection covering the full age 
range was considered essential, as for many species the growth increments of immature 
fish may not resemble those of mature fish (Campana 2001). For this study these 
sections were aged without information about date or place of capture and without 
reference to previous age estimates or knowledge of strong cohorts to avoid unconscious 
ageing biases (Williams and Bedford 1974). From this training exercise, a percent 
agreement between readers was calculated based on the final age estimates of this study 
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and Anderson et al. (1992a) and Mallen-Cooper et al. (1995), Mallen-Cooper and Stuart 
(2003) combined. 
Study site 
Otolith samples were obtained from Environment ACT, Wildlife Research and 
Monitoring, for a stocked golden perch population at Googong reservoir, New South 
Wales (Fig 1). Since the reservoir's completion in 1978, golden perch fingerlings have 
been stocked at three-yearly intervals from 1981 onwards. Fifty-five transverse otolith 
sections belonging to the 1987 stocking (one hundred thousand fingerlings) were used to 
test the improved otolith measurement method (to be described shortly). Thirty-two 
sections were from fish aged eight (collected in 1994) and twenty-three sections were 
from fish aged nine (collected in 1995). 
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Fig. 1. Location of the study site, Googong reservoir (35°28'S, 149°18'E). 
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Capture of otolith images 
Transmitted-light images of otolith sections were obtained through a Leica dissecting 
microscope connected to a Kodak Megaplus camera. The camera fed directly into a 
computer and images were processed using NIH-Image software. hnages were captured 
at two magnifications, X5 of the proximal surface in detail (the most useful for ageing 
purposes (Anderson et al. 1992aj}1and Xl.65-2 of the whole section. Each image was 
calibrated according to the magnification it was captured at, such that each pixel was 
scaled to a known distance (µm or mm). Image optimisation (by increasing contrast 
without changing image dimensions) was only occasionally required as golden perch 
typically have very clear otoliths. 
Measurement of otolith growth increments 
Two methods were used to reconstruct annual otolith growth across the life of each fish, 
increment diameters (ages 1 to 4) and increment widths (ages 2 onwards). Increment 
diameters were obtained from the first four annual increments by measuring the 
maximum dorso-ventral span of each opaque zone without necessarily passing through 
the primordium (as defined in Anderson et al. 1992b) (Fig. 2). Straight-line 
measurements were made in NIH-hnage using each opaque zone's dorsal-ventral apices 
as landmarks. Successive measurements were then differenced to separate the different 
years of growth (i.e. age 2's growth equals the diameter of the second opaque zone 
minus the diameter of the first opaque zone). Diameter measurements were restricted to 
the first four years because growth becomes limited in the sacculus along the dorsal-
ventral and distal axes after this age (Anderson et al. 1992a). 
Increment widths were measured from standardised transects along the proximal axis 
from age two onwards using the Biochronology macro (see macro calculation details in 
the following section) (Fig. 2). Three measurement transects were chosen in order to 
assess variation in increment widths due to transect position across the otolith. The 
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transects began at the outer edge of the first opaque zone, principally because the 
position of the primordium could not be objectively determined in all sections, 
especially given some variation in sectioning position (Anderson et al. 1992b, Pereira et 
al. 1995). This meant that the first year of growth could not be measured using 
increment widths. Nevertheless, by using a combination of increment diameters (ages 1 
to 4) and increment widths (ages 2 onwards), the full range of otolith growth-at-age 
measurements were quantified in this study. 
Distal 1mm 
Fig 2. The range of measurements taken on each golden perch section. (This fish has just 
turned six, with an opaque zone just visible near the proximal edge of the otolith). 
Diameters were measured for the first four annual increments by measuring to the outer 
edge of each opaque zone along the dorsal-ventral axis (marked on the figure by vertical 
white bars). Increment widths were measured for all annual increments after the first 
year of growth using three transects on the proximal axis (transects marked as black 
lines). The six opaque zones are marked on transect C by white circles. CH: check 
between first and second opaque zones. S: Sulcus acousticus, the longitudinal groove 
down the convex proximal surface of the otolith. SA: sub-annual but faint increments 
within the first year of growth. 
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Development of the Biochronology macro to overcome geometric difficulties in 
measuring increment widths 
As the direction of otolith growth often changes with age, orthogonal measurements of 
increment width for all ages has previously been considered difficult to achieve 
(Anderson et al. 1992b, Stevenson and Campana 1992). However, by explicitly 
incorporating the changing geometric properties of increment widths, this study 
developed a NIH-Image macro to calculate perpendicular widths between pairs of 
annual opaque zones no matter their angle relative to the measurement transect (Fig. 3). 
The 'Biochronology' macro was created with the programming help of Greg Joss of 
Macquarie University (Appendix I). The macro essentially corrects for non-
orthogonality using a combination of Pythagoras and straight line geometry. 
Imm 
Fig 3. Transverse section of a 13year old golden perch showing the biochronology 
macro corrections for the linear transects (A,B,C) to produce orthogonal measures of 
increment width. Thin black lines are the linear transects. Circles are the positions of the 
mouse clicks which are used to define each opaque zone and its orientation. Thicker 
black lines are the orthogonal measures of increment width. 
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The macro calculates each perpendicular increment width measurement by using a series 
of three mouse clicks (i, j, k) to define the boundaries and orientation of a pair of opaque 
zones (Fig. 4). The first point, i, defines the outer edge of the first opaque zone and is 
located on the transect (coordinates Xi,Yi). The second point, j, is roughly opposite point 
i and helps to define the orientation of the next opaque zone (coordinates Xj,Yj). The 
third point, k, defines the outer edge of the next opaque zone and is also located on the 
transect (coordinates Xk, Y k). 
y 
Transect 
Opaque 
zone 
Opaque 
~~~~~~~~~~~z_o_n_e~---;.X 
i, j, k Triplet sequence of mouse clicks 
p 
-
Macro-determined endpoint of 
perpendicular increment width. 
Perpendicular increment width (ip) 
Fig 4. Diagram of how the biochronology macro calculates perpendicular increment 
widths. Based on an x-y coordinate system, three mouse clicks (i, j, k) are used to define 
the boundaries of each pair of opaque zones and their orientation. The perpendicular 
increment width, ip, is calculated after determining the normal line to the slope of j-k, 
and constraining this normal line to start at point i and finish at point p where it 
intersects with the line j-k. 
Using a coordinate system scaled to real distance values, the slope of the next opaque 
zone, jk, is calculated (Fig. 4, Equation 1 ). The slope of jk can be thought of as a tangent 
on a curved surface, although when images were grabbed at high magnifications, the 
opaque zone tended to be locally straight along the entire length of jk anyway. (If the 
magnification is not high enough, curvature of the opaque zone can result in inadequate 
definition of opaque zone orientation and reduced measurement precision). The slope of 
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this tangent defines the orientation of the opaque zone and a normal line to this tangent 
is calculated and constrained to pass through point i. This allows the position of the 
perpendicular endpoint, p, to be defined (where the normal line intersects with jk after 
passing through point i) (Fig. 4, Equation 2). Finally, the perpendicular increment width, 
ip, is calculated using Pythagoras from the x,y coordinates of points i and p (Equation 
3). 
Equation 1. Defining opaque zone orientation. 
(YtYk) 
S=---
(XtXk) 
Where's' represents the slope of the line jk (Fig. 4), and (Xj,Yj) and (Xk,Yk) are the 
coordinates of mouse-clicks j and k respectively. 
Equation 2. Calculating the coordinates of the perpendicular endpoint 'p' (Fig. 4). 
YrYrXj(2arctan[1 ])+Xj(s) 
Xp = -----------(s)-(2arctan[1]) 
Where 'Xp' is the X coordinate of the perpendicular endpoint 'p', and (Xi.Yi) and 
(Xj,Yj) are the coordinates of mouse-clicks i and j respectively. 's' is the slope jk 
calculated in equation 1, which defines the opaque zone orientation. 
Yp = (Xp-Xj)*(2arctan[1 ])+Yj 
Where Yp is the Y coordinate of the perpendicular endpoint 'p' and Xp is the X 
coordinate of the perpendicular endpoint 'p'. 
Equation 3. Calculating the perpendicular distance 'ip' (Fig. 4). 
Where 'ip' is the perpendicular increment width, and (Xµ,Yp) and (Xi.Yi) are the 
coordinates of the perpendicular endpoint 'p' and mouse-click 'i' respectively. 
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In practice when measuring an entire otolith with the biochronology macro, a user 
simply has to define a linear transect and click on the series of opaque zone boundaries. 
Live feedback on click positioning and calculated perpendicular widths allows for easy 
visual assessment of operator-precision. After all the opaque zones have been identified, 
the macro then outputs a file of results including the perpendicular widths, distance and 
angle of each perpendicular width from the defined transect, and the non-orthogonal 
transect widths at each age. In this way the biochronology macro greatly increases the 
speed, efficiency and precision of measuring a large number of otolith sections. 
Precision of annual increment width and diameter measurements 
Although the biochronology macro accounts for the changing axis of otolith growth with 
age, there are still three sources of error in increment width and diameter measurements 
that need to be quantified. The first is due to variation in transect positioning across the 
otolith surface, the second is due to operator error and the third is due to variation in 
sectioning position around the primordium. 
Variation in transect position 
To assess error variation due to transect positioning, the increment width records of the 
three measurement transects were compared (transects were located on different parts of 
the proximal surface, Fig 2). Due to variation in the relative expansion/compression of 
the otolith record along different sides of the sulcus, the set of increment widths for each 
of the three transects were standardised to their total transect lengths. This was achieved 
by subtracting the natural log of the total transect length from the natural log of each 
increment width. Increment widths standardised for total transect length were then 
analysed using variance components models (or mixed models) using the residual 
maximum likelihood (REML) procedure in Genstat5 (Genstat 1993). Mixed models 
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were essential given the repeated measures design, where multiple increment width 
measurements were made on each of the fifty-five otolith sections resulting in a 
correlated error structure. To assess the effect of transect identity (A,B and C), means 
were estimated by weighted least squares while controlling for other significant effects 
(such as ontogeny [Age + Age2 - fixed] and variation due to repeated measures on 
individual fish [FishID- random]). Wald tests were used to assess the significance of 
transect identity as a fixed effect. 
Operator precision 
To assess operator precision, measurement of increment widths (ages 2 to 9) and 
diameters (age 1) were taken on the section closest to the primordium (section A), and 
then repeated one week later without reference to the first set of measurements. REML 
procedures were carried out in Genstat5 on the natural logged increment width data 
using Wald tests to determine the significance of 'replicate' (1 or 2) as a fixed effect 
while controlling for non-linear ontogenetic effects (Age+ Age2 - fixed) and individual 
variation due to repeated measures (FishID- random). For increment diameters, because 
only the first opaque zone measurement was replicated, there were no repeated measures 
on each section, thereby simplifying the statistics required. Thus the significance of 
'replicate' was assessed in a one-way ANOVA of natural logged increment diameter 
using JMP3·2·6 (SAS Institute). 
Variation in section position 
To assess the influence of variation in sectioning position, diameter and width 
measurements were made on the section second-closest to the primordium (section B, as 
judged by the relative shape of the sulcus) as well as section A (closest to the 
primordium). The significance of section position (A or B) as a fixed effect was 
analysed using Wald tests in natural logged increment width and increment diameter 
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REMLs, controlling for the non-linear effects of ontogeny (Age + Age2 - fixed) and 
individual variation due to repeated measures (FishID- random). 
Correlation between otolith and somatic growth records 
The existence of a correlation between fish size and otolith size is insufficient to 
conclude that increment widths closely reflect somatic growth histories throughout the 
life of the fish (Brothers and McFarland 1981). Therefore, to determine whether the 
relative growth profile reconstructed from otoliths matched the known somatic growth 
record for the 1987 stocked cohort, the otolith longitudinal records were compared to the 
mean fish lengths and weights at age over the period 1988 to 1995. Fish lengths and 
weights were available for a total of 301 golden perch belonging to the 1987 stocking. 
These fish were collected in March 1988 and then annually from October 1990-1995 
using floating gillnets at five standard locations within Googong reservoir. Eight gillnet 
mesh sizes ranging from linch to 8inches (25-203mm) oflength 35-40m and depth 2-7m 
were used (1" to 4" nets were 100 meshes deep, 5" to 8" nets were 33 meshes deep). 
Four pairs of gillnets, each consisting of two lengths of different mesh size, were set for 
15 hours with one end of each pair tied to the bank. Mean lengths and weights for the 
1987 stocked cohort were calculated by year of collection. 
To reconstruct the relative otolith growth profile, the annual increment widths from 
transect C of the fifty-five fish belonging to the 1987 stocking (collected in 1994 and 
1995 at ages eight and nine respectively) were graphically explored. However as there is 
a strong ontogenetic trend of decreasing increment width with increasing age, the 
masking effects of the age trend were removed before assessing the relative growth 
patterns. Following Pereira et al. (1995) this was achieved by fitting a negative 
exponential with a lower asymptote term to the increment width data for the greater 
Googong population (N=736 fish in the age range two to sixteen, with 4032 increment 
width measurements. Data not presented here). The model for the onto genetic trend is 
presented in Equation 4. 
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Equation 4. Exponential model for the decline in increment width with increasing age. 
Where i represents age and Yi represents the otolith increment accrued during the ith 
year (or growing season) of the fish's life. A non-linear fitting procedure in JMP3·2·6 
(SAS Institute) was used to estimate the values of the parameters 8 1 8 2 and 8 3. The 
' 
relative growth deviation for every measurement was then calculated as the natural log 
of the observed increment width minus the natural log of the expected increment width 
(obtained from the exponential equation). These growth residuals were then plotted and 
mean values by year calculated in JMP3·2·6. 
Results 
Ageing method validation 
In general golden perch have very clearly defined opaque zones and there was 91 % 
agreement on the 388 final age estimates between readers of this study and Anderson et 
al. (1992a), Mallen-Cooper et al. (1995), and Mallen-Cooper and Stuart (2003). Of the 
35 ageing discrepancies between readers, 33 differed by one year and the other 2 
differed by two years. Further, when eighteen sections were discarded that were far from 
the primordium or were generally unclear due to sectioning errors, the percent 
agreement rose to 95%. Given that readers from these studies validated their age 
estimates and known-age fish were also used in this training exercise, the ageing method 
for this study should be considered both corroborated and validated up to age sixteen. 
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High precision of annual increment width and diameter measurements 
The otolith growth record is not affected by within-section variation in transect 
positioning. 
After taking differences in total transect length into account, it was shown using a mixed 
model that there were no significant differences in increment width measurements due to 
variation in transect positioning across the otolith (Wald statistic=l.7, d.f.=2, P<0.43 
N.S. Least squares means for transect A= -2.11, transect B= -2.12, transect C= -2.11, 
S.E. of differences 0.01). This meant that the measurement protocol could be 
streamlined to increase efficiency by measuring increment widths along one transect 
instead of three. Transect C on the dorsal side of the sulcus (Fig.2) was chosen as the 
preferred transect of measurement for golden perch. This is because the dorsal side was 
more clearly defined than the ventral side at older ages and transect C was also the 
closest to being orthogonal with the direction of otolith growth, thus requiring less 
geometrical adjustment (Table 1 ). 
Table 1. Details summarising the relative orthogonality of each transect to the general 
axis of otolith growth. 
N. measurements on 55 sections 
Mean difference between orthogonal- and transect-
increment widths (µm ±SD) (i-p distance versus i-k 
distance in Fig.4) 
Mean lateral distance from the orthogonal endpoint 
to the transect(µm ±SD) (p-k distance in Fig.4) 
Mean angle of the orthogonal increment width to the 
transect(°) (angle of i-p to i-k in Fig.4) 
Operator precision is high. 
Transect 
A B c 
408 408 408 
21.6 ± 15.6 10.9 ± 8.3 1.6 ± 2.7 
89.7 ±51.8 64.1±38.2 20.0 ± 20.8 
25.4 ± 5.8 18.0 ± 4.8 5.6 ± 4.2 
28 
Chapter 2 - Otolith measurement method 
For increment widths, the overall mean difference between replicates (with the sign 
removed) was 4.8µm ± 5.9µm S.D. (N=l,224 based on three transects for each of 55 
fish). However, as increment width decreases with increasing age (Pereira et al. 1995), 
some heteroscedasticity in measurement error across age classes was expected. Indeed 
when differences between the replicate measurements by age were examined, the earlier 
and wider increments had slightly larger mean differences, but these were actually 
smaller percentages of the mean increment widths at age (Table 2). Nevertheless 
difference between replicates was less than 5% for all age classes, principally due to 
small alignment errors. Further, a REML revealed no significant difference between 
replicates (Wald statistic=O, d.f.=l, P<0.95 N.S.) and thus operator precision is not a 
significant source of error in reconstructing otolith growth chronologies. 
Although mean increment width generally decreased with increasing age, there was one 
exception to this trend. The mean increment width at age seven was larger than that of 
age six (Table 2). This deviation is explained by strong year effects dominating 
ontogenetic effects over this period and will be explored more fully in the following 
section on the correlation between otolith and somatic growth and in Chapter Three. 
The mean difference between replicates (after removing the sign of the difference) when 
measuring increment diameters was only assessed for age 1, the largest and most 
variable of the four increment diameters, and was 1 l.2µm ± 18.lµm S.D. (N=55). This 
was 0.6% of the first increment diameter's mean value (1,956µm) and the effect of 
'replicate' was non-significant in a one-way ANOV A of natural-logged increment 
diameter (F-ratio=0.000, d.f.=1, P=0.998 N.S.). This means that operator precision is not 
a significant source of error in the measurement of increment diameters. 
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Table 2. Operator precision assessed through repeated measures. Details summarising 
the differences between two replicates by age (measuring increment widths along three 
transects on 55 otolith sections belonging to the 1987 stocked cohort). 
Age N. 
(years) measurements 
on 55 sections 
2 165 
3 165 
4 165 
5 165 
6 165 
7 165 
8 165 
9 59 
Mean 
increment 
width(µm) 
364 
324 
180 
151 
123 
137 
113 
101 
Mean S.D. difference 
difference between 
between replicates (µm) 
replicates 
(µm) 
6.9 8.2 
6.5 7.5 
4.7 6.4 
4.1 5.5 
3.2 3.2 
4.0 4.1 
4.1 4.1 
4.8 4.3 
Measurement error due to variation in section position is non-significant. 
Difference 
between 
replicates as % 
of mean 
increment width 
1.9 
2.0 
2.6 
2.7 
2.6 
2.9 
3.6 
4.8 
Measurements were taken on section A, closest to the primordium, as well as Section B, 
second-closest to the primordium. The overall mean difference between sections with 
the sign removed when measuring increment widths was 13.9µm ± 17.3µm S.D. 
(N=l,224 based on three transects for each fish), although this varied by age (Table 3). It 
appears that the earlier increments up to age 4 (but particularly age 2) were most 
affected by variation in section position (Table 3). For ages greater than four, error 
variation due to section position was roughly twice that due to operator error (Table 2). 
However, a REML incorporating the effects of ontogeny and repeated measures 
revealed that there were no significant differences in increment width due to section 
position (Wald statistic=0.01, d.f.=1, P<0.92 N.S.). 
For increment diameters, the overall mean difference (sign removed) between sections 
was 37µm ± 171µm S.D. (N=204), although again this varied by age (Table 3). The 
diameter of increment four was particularly affected by section position. Partly this was 
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because sections become unclear as growth is restricted along the dorso-ventral 
dimension by year four, but also that golden perch otoliths are tallest at the primordium 
(section A, which maximises the dorso-ventral dimension) before becoming shorter 
towards the anterior (rostrum) and posterior (postrostrum) ends (section B). However, as 
with increment widths, a REML of the effects of section position on natural logged 
increment diameters (first differenced) was non-significant (Wald statistic=0.16, d.f.=l, 
P<0.69 N.S.). 
Table 3. Quantifying the influence of variation in sectioning position by measuring two 
transverse-sections for each fish (section closest to the primordium and the second-
closest section). Table of measurement differences between sections for increment 
widths and diameters (55 otoliths from the 1986 Googong cohort). 
Age N. Mean Mean 
(years) measurements increment difference 
on 55 otoliths value between 
(µm) sections (µm) 
Increment widths 
2 165 364 34.0 
3 165 324 21.0 
4 165 180 12.8 
5 165 151 8.9 
6 165 123 7.0 
7 165 137 7.7 
8 165 113 8.5 
9 59 101 8.5 
First differenced increment diameters# 
1 104 1,956 118.3 
2 104 1,641 82.3 
3 104 1,786 142.5 
4 104 859 175.8 
S.D. 
difference 
between 
sections (µm) 
30.9 
17.0 
12.0 
9.0 
6.3 
6.3 
7.6 
6.5 
83.7 
71.8 
110.2 
165.2 
Difference between 
sections as % of 
mean increment 
value 
9.3 
6.5 
7.1 
5.9 
5.7 
5.6 
7.5 
8.4 
6.0 
5.0 
8.0 
20.5 
#Three fish excluded as their second sections (section B) were incomplete and not able 
to be measured. 
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Strong correlation between otolith- and somatic- relative growth records 
The historical trends in somatic growth for the 1987 stocked cohort were firstly 
identified by plotting mean fish length and weight by year of collection (Fig.5.A and B 
respectively). As fish are flexible and indeterminate growers (Ricker 1975), under 
optimal growth conditions it can be assumed that fish will increase in length and weight 
with increasing age, until they approach an upper asymptotic level (Beverton and Holt 
1957, Von Bertalanffy 1957). However Fig. 5 clearly demonstrates that over the period 
1990 to 1992 (ages four to six), there was a virtual cessation in somatic growth followed 
by a resumption of growth in 1993 (age seven). 
For the otolith growth record, the ontogenetic trend for decreasing increment width with 
increasing age was estimated as: Yi = 760.9 * exp (-O.SO* i) + 100.3. When otolith 
growth residuals were plotted by year of increment formation (Fig. SC) the poor growth 
period from 1990-1992 and improved growth in 1993 were faithfully recorded in the 
relative spacing of otolith increment widths. The years 1990-1992 were characterised by 
negative growth residuals and 1993 by positive growth residuals. Indeed as was noted 
previously, the mean increment width at age seven (1993) was larger than the mean 
width at age six (1992) (Table 2). Thus the longitudinal otolith growth record is strongly 
correlated with relative somatic growth for this cohort of stocked fish in Googong 
reservoir over 1988 to 1995. 
32 
Chapter 2 - Otolith measurement method 
A). 
500 
,....., 
E 400 
E 
..i:::: 
...... 
Cl 
c: 
~ 
300 
~ !45 
u:: 200 I 
100 
1987 1989 
8 
• I I i '45 49~;;)--------0--
1991 
25 
1993 1995 
B). 2500~-----------------. 
2000 
,....., 
~ 
~ 1500 
.QI 
Q) 
s: 1000 
..i:::: 
UI 
u:: 
500 
25 
~45 
o+---r--~-~-~-------~----' 
C). 
1987 1989 1991 1993 1995 
0.6..-------------------. 
0.4 
0.2 
55 ! 23 
-0.2 
-0.4 
-0.6 
-0.8 ~----------------~ 
1987 1989 1991 
Year 
1993 1995 
Fig. 5 Somatic and otolith relative growth records over the period 1988 to 1995. Note 
that years are aligned according to otolith opaque-zone periodicity rather than calendar 
years. i.e. 1988 actually runs from October 1987 to the end of September 1988. 
A). Fish lengths of the 1987 cohort plotted as open circles by year of collection. 
Means are displayed as open squares± 1 S.E., and numbers denote the sample sizes 
used to calculate the means. 
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B). Fish weights of the 1987 cohort plotted as open circles by year of collection. 
Means are displayed as open squares± 1 S.E., and numbers denote the sample sizes 
used to calculate the means. 
C). Oto Ii th growth residuals (after removmg the age trend with a negative 
exponential) plotted as open circles by year of increment formation. Means are 
displayed as open squares ± 1 S.E., and numbers denote the sample sizes used to 
calculate the means. On the y-axis, zero represents average growth at age, positive 
values represent better-than-average growth and negative values represent poorer-
than-average growth. 
Discussion 
The three implicit assumptions made when constructing growth chronologies were 
upheld in this study of the growth of golden perch in Googong reservoir. 
Assumption 1 - Accurate ageing method 
Ageing error is potentially the most senous source of error when creating growth 
chronologies. This is because misaligned ages have the potential to confound or mask 
growth patterns across years when measurements are assigned to the wrong age and year 
(Boehlert et al. 1989). In particular, ageing errors can mask the detection of high 
frequency signals, such as a particular year or a cluster of several years with a 
characteristic growth pattern (Boehlert et al. 1989). However this type of error can be 
minimised through use of a validated and precise ageing method (reader training) and by 
measuring many samples to 'swamp' the influence of occasional ageing mistakes 
(increasing the signal to noise ratio). 
To minimise ageing error before reconstructing growth histories, the first step was to 
confirm that the ageing method was both accurate and precise. This is because precision 
of age estimates (repeatability within or among readers) can be high, but not necessarily 
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accurate m reflecting a fish's true age (Stevenson and Jones 1992). Thus it was 
necessary to independently validate the annual deposition of increments with known-age 
golden perch. This was achieved up to age sixteen for stocked cohorts of Googong 
reservoir golden perch. 
Although golden perch have very clear otoliths, the main source of ageing error, aside 
from sectioning errors, arose from occasional difficulties with identifying the first 
opaque zone. This was because the first opaque zone was often more diffuse than later 
increments and was very variable in size (Anderson et al. 1992a) (see Fig. 2 for 
example). The first year of growth may be highly variable in size between individuals 
and among years due to density-dependent effects of varying intensity that are most 
pronounced in late-larval or juvenile fish (Ware 1980, Cowan et al. 2000). Further 
confusion in the identification of the first annual increment can also arise because checks 
are common between the first and second opaque zones (Anderson et al. 1992a) (see 
Fig. 2 for example). Anderson et al. 1992a reported that checks were generally restricted 
to the first two years, but this study found checks to be common at older ages as well. 
These differences in relative check occurrence can be reconciled in that Anderson et al. 
1992a principally studied a collection of young fish (73% were less ·than three years 
old). Nevertheless, it is not clear what ecological or developmental effects are 
represented by check formation in golden perch otoliths although Llewellyn (1966) 
reported that the false annual marks and subsidiary checks were associated with floods 
and droughts in the scales of inland Australian fish species. In other species, otolith 
check formation has been related to developmental changes (e.g. the hatching, 
emergence and first feeding of salmonids, Marshall and Parker 1982), ecological 
transitions (e.g. change in diet or microhabitat, Colloca et al. 2003), onset of sexual 
maturity (Francis and Hom 1997) or stressful events (e.g. starvation, changes in salinity 
or adverse weather conditions, Campana 1983, Berghahn 2000, Cappo et al. 2000). 
Although the cause(s) of check formation in golden perch are unknown, their 
discrimination in this study was aided in that they were often of a different optical nature 
to true opaque zones and frequently did not continue around the whole otolith (Anderson 
et al. 1992a). 
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When constructing growth chronologies, the confounding effects of ageing error can be 
minimised further by identifying misclassified fish through the use of years with 
characteristic growth patterns that act as natural tags or pointer years (Williams and 
Bedford 1974, Thomas 1983, MacLellan and Saunders 1995). These natural tags can be 
used to check the alignment of each fish's growth record and detect ageing errors as was 
successfully demonstrated by Ogle et al. (1994). In the case of Googong golden perch, 
the poor growth over the period 1990 to 1992 and increased growth in 1993 would be a 
good candidate for a characteristic sequence of pointer years. Fish which do not 
correspond with the expected relative growth pattern across years should be re-examined 
for possible ageing errors, but only deleted from the study if there are clear reasons why 
this should be the case. 
Assumption 2 - Precise measurement method 
The statistical quality of any growth chronology is dependent upon a strong and 
common inter-annual growth signal across individuals (Cook and Kairiukstis 1990). To 
be able to extract common variance signals between fish due to factors such as climate 
and density-dependent effects, it is essential to minimise statistical noise due to 
imprecise measurements. Although the importance of measurement precision is often 
acknowledged, empirical assessments are frequently neglected with many studies failing 
to quantify the boundaries of their measurement precision before describing patterns of 
relative growth (e.g. Ogle et al. 1994, Pereira et al. 1995, Cyterski and Spangler 1996, 
Millner and Whiting 1996). Indeed, it is difficult to assess the reported levels of 
measurement precision across published studies, because even if precision is discussed, 
many studies use different hard parts (e.g. otoliths - Pereira et al. 1995, fin rays -
LeBreton and Beamish 2000a and scales - Ogle et al. 1994, Cyterski and Spangler 1996) 
and different measurement paths (e.g. otolith increment diameters - Anderson et al. 
1992a, and otolith increment widths - Pereira et al. 1995). Before constructing 
chronologies, sources of error introduced into otolith measurements by factors such as 
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the chosen measurement path and its variation across the otolith, the changing axis of 
otolith growth, variation in section position, and operator error should be assessed for 
each fish species. 
Choice of measurement path and the changing axis of otolith growth 
Increment diameters along the dorsal-ventral otolith axis are one of the more frequently 
chosen measurement paths in published studies, but a key limitation is the restriction of 
measurements to only the first few years of immature fish growth. This is because 
otolith growth typically becomes restricted along the dorsal-ventral dimension towards 
maturity (Boehlert et al. 1989, Anderson et al. 1992b, Millner and Whiting 1996). For 
the study of Boehlert et al. (1989), this meant that growth information was only 
extracted for the first six years of each fish's life, yet as the study species Sebastes are 
long-lived, this meant that up to eighty years of potentially useful growth information 
went unmeasured. Furthermore, focusing entirely on juvenile fish is likely to emphasise 
the importance of density-dependent effects over climate effects as juveniles are more 
likely to be affected by density-dependence than mature fish (Ware 1980, Cowan et al. 
2000). 
The advantage of otolith increment widths over increment diameters is that they make 
use of virtually all growth increments (except for the first year of growth) as there is 
generally no restriction in otolith thickening along the proximal axis. However the major 
difficulty with increment widths is that the axis of otolith growth often changes with age 
(Anderson et al. 1992b, Jones 1992, Panfili and Ximenes 1992, Stevenson and Campana 
1992). This means that a straight-line transect will not be positioned perpendicular to all 
increments, producing oblique measurements that can introduce significant random 
errors to the measurements. For authors that have used increment widths, some 
apparently have not accounted for this source of error (e.g. Crabtree et al. 1996), 
whereas others have used multiple straight line transects to traverse the otolith but 
without accounting for any remaining bias (e.g. Vilizzi and Walker 1999). It was first 
suggested by Jones (1992) that for measurement of increment widths to be meaningful, 
their geometric properties needed to be explicitly taken into account. Thus this study 
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developed a Biochronology macro to ensure perpendicular measures of increment width, 
no matter the orientation of the measurement transect relative to the opaque zones. This 
was achieved by defining opaque zone slopes and using geometrical relationships to 
mathematically adjust for any non-orthogonality. This improvement in measurement 
precision meant that when different transect locations across the otolith were statistically 
compared, they all yielded the same relative patterns of growth (the effect of the location 
of the transect was non-significant in mixed models). Nevertheless, when choosing a 
standardised measurement transect, it is important to measure across areas of the otolith 
where opaque zones are clearly defined at all ages, use clear landmarks for the start and 
end points of the transect and also, where possible, to choose a transect where 
measurements are closest to being perpendicular, thereby minimising the mathematical 
adjustments required. 
Operator precision 
Ability to detect growth changes can also be affected by error due to operator precision. 
By using a semi-automated macro, the measurements of this study were very sensitive, 
with an average precision of 5 µm for increment widths and 11 µm for increment 
diameters. As 5µm is only 5% of the width of the narrowest increments (mean at age 
nine- lOlµm), this means that even the older growth increments of golden perch can be 
measured precisely. 
Variation in section position 
Potential for bias in otolith measurements through variation in sectioning position 
altering the size of growth increments on serial sections was first noted by Williams and 
Bedford (1974). Since then, Bailey et al. (1995) have developed 3-D models of juvenile 
walleye Pollock, Theragra chalcogramma, otolith growth using serial sections, 
fluorescent dyes and laser cytometry, to demonstrate how the internal otolith growth axis 
changes with age and can affect the choice of optimal axis for sectioning. For golden 
perch, variation in sectioning position particularly affects increment diameters (rather 
than increment widths) as otoliths are tallest at the primordium (which maximises the 
dorso-ventral dimension) before becoming shorter towards the anterior (rostrum) and 
38 
Chapter 2 - Otolith measurement method 
posterior (postrostrum) ends. Otolith thickness (the proximal dimension of the increment 
widths) is also maximal at the primordium, but it does not change as rapidly as the 
section moves away from the core, thus not affecting increment widths as severely. 
Some growth studies do not make mention of the influence of variation in sectioning 
position, (Pereira et al. 1995, Millner and Whiting 1996), and even for those that 
recognised this source of measurement error, most did not empirically evaluate its 
influence {e.g. Boehlert et al. 1989, Trippel et al. 1995). Sectioning position was 
\ 
empirically tested in this study, and although found to be non-significant, the 
measurement protocol was refined to ensure that this source of error was nevertheless 
minimised. For the development of future growth chronologies, only those transverse 
sections at- or very close to- the primordium should be measured and included in 
analyses. 
Assumption 3 - Increment widths accurately reflect relative somatic growth 
history. 
The third assumption of correlated otolith and somatic growth has received much 
attention in the literature. Often there is a general correspondence between otolith size 
and fish size (Campana and Neilson 1985, Bradford and Geen 1987, Casselman 1990), 
but it has been suggested that this may not apply at a detailed or individual level 
(Brothers and McFarland 1981, Campana 1990). Indeed there is now substantial 
evidence for varying correlation strengths between the overall size of the fish and its 
otolith size, such that slow growing fish can have larger otoliths than fast growing fish 
(when fish age is not taken into account) (Mosegaard et al. 1988, Reznick et al. 1989, 
Secor and Dean 1989, Campana 1990). However most 'decoupling' studies of otolith 
and somatic growth correlations focus on following daily growth of larval/juvenile fish 
over short periods under laboratory conditions of extreme stress such as starvation 
(Brothers and McFarland 1981, Mosegaard et al. 1988, Reznick et al. 1989, Secor and 
Dean 1989, Hoff and Fuiman 1993, Barber and Jenkins 2001). A common finding is that 
although somatic growth apparently ceases, otolith daily microincrements continue to be 
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laid down (Papemo et al. 1997, Barber and Jenkins 2001, Massou et al. 2002), albeit 
narrower in size (Bolz and Bums 1996, Molony 1996, Bestgen and Bundy 1998). Such 
findings only cause problems for studies aiming to back-calculate precise fish sizes at 
earlier ages, as in most cases the relative patterns of somatic growth are still clearly 
recorded in the otolith microincrement widths. Further, failure to detect strong 
relationships between fish size and otolith size are often restricted to those studies 
carried out over short periods, perhaps due to truncation of sample sizes or size-selective 
mortality effects (Meekan et al. 1998) or because a cross-sectional rather than a 
longitudinal analysis approach was undertaken. Typically, the longer the duration of the 
study, the stronger the correlations between otolith growth and somatic growth tend to 
be (Barber and Jenkins 2001, Aubin-Horth and Dodson 2002). 
The hazards of back-calculation of previous fish sizes from annual otolith growth 
increments are well known and include: environmentally dependent otolith-fish size 
relationships (Mosegaard et al. 1988, Reznick et al. 1989, Secor and Dean 1989), size 
selective mortality (Lee 1912, Ricker 1969, Gleason and Bengtson 1996, Grimes and 
Isley 1996, Escot and Granado-Lorencio 1999, Good et al. 2001), and statistical 
difficulties (Campana 1990, Francis 1990). However these can largely be avoided by 
concentrating on the relative patterns of otolith growth directly rather than back-
calculating fish sizes and by analysing at an individual longitudinal level rather than 
taking a population cross-sectional approach (see Chambers and Miller 1995). Thus this 
study, following wild fish at the annual level over long time periods, and avoiding 
predicting fish lengths at previous ages, aimed to assess the assumption that the relative 
patterns of otolith growth faithfully recorded the relative patterns of somatic growth. 
This was indeed found to be the case for the otolith and somatic records of fifty-five fish 
from the 1987 stocking of Googong reservoir. The golden perch otolith record faithfully 
recorded the relative somatic growth record at a detailed longitudinal level, correctly 
identifying several poor growth years from 1990 to 1992 followed by a good growth 
year in 1993. 
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Concluding Remarks 
The otoliths of golden perch are suitable structures with which to construct long-term 
chronologies of relative fish growth. They satisfy all three assumptions of accurate 
ageing, precise measurements, and faithful recording of relative somatic growth. 
Further, individuals display synchronous inter-annual growth variations, as 
demonstrated by the initial identification of the poor growth period over 1990-1992 and 
improved growth in 1993 for this cohort of fish. This means that the otolith record is 
recording growth fluctuations due to exogenous environmental factors impacting the 
majority of fish in the cohort rather than endogenous factors due to the individual. Such 
synchronous growth responses across individuals are of particular use in assessing 
growth changes due to environment and climate factors and will be assessed in detail in 
the following two chapters. 
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Otoliths as barometers of local climate - Growth 
chronologies of golden perch from Googong 
reservoir, NSW 
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Abstract 
Otoliths have proved to be excellent archives of the local environmental conditions that 
golden perch have experienced over seventeen years (1982 to 1999) in Googong 
reservoir, New South Wales. Synchronous growth fluctuations were recorded in the 
somatic growth record (fish lengths and weights at age) and the otolith increment width 
and diameter records. In particular, there was a poor growth period over 1990 to 1992, 
followed by improved growth conditions from 1993 onwards, a pattern that was clearly 
recorded for fish of all ages. For fish within a cohort, the mean pairwise correlation 
among individual growth chronologies was 0.47, and the mean correlation between the 
chronologies of different cohorts was 0.87. Potential biases when scaling growth results 
from the individual to the population were identified, namely sex differences and age 
differences in relative growth, but these sources of bias were not sufficient to preclude 
the detection of growth years that deviated significantly from average. 73.4% of the 
inter-annual variation in the population growth chronology was explained by three 
environmental parameters: fluctuations in Googong reservoir's water level, minimum 
dissolved oxygen saturations, and the length of the growing season (number of degree 
days exceeding 20°C). Low water levels, low oxygen saturations and short growing 
seasons all combined to result in poor fish growth. The Southern Oscillation Index was 
not directly correlated with fish growth, but nevertheless this climate phenomenon has a 
strong controlling influence over rainfall and discharge which influence fish growth 
through changing water levels. The 1991 Pinatubo volcanic eruption and the resultant 
global cooling was suggested to be involved in accounting for the short growing season 
and poor fish growth recorded in 1992. Finally, golden perch otoliths have provided new 
insights into the relative stocking success of this artificial impoundment, with two strong 
natural spawning and recruitment events identified in a population that was previously 
thought maintained only by stocking. Wild spawned cohorts were distinguished from 
stocked cohorts by their significantly larger first year of growth. In conclusion, otoliths 
offer considerable potential as biological archives that can be used to retrieve the 
environmental histories of both individuals and populations. 
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Introduction 
In order to understand the dynamics of ecological communities, long-term studies are 
essential (Sheldon et al. 2000), yet only rarely are such data available given the 
substantial and continuing resource investments required (Statzner et al. 1994). This 
study was fortunate to be able to address this temporal problem by accessing a large 
collection of golden perch otoliths (Macquaria ambigua, Percichthyidae) from Goo gong 
reservoir, New South Wales, which were sampled by Environment ACT Wildlife 
Research and Monitoring over 1988 to 1999. Indeed, doubly fortunate, firstly because 
investment in twelve years of method-standardised fish sampling is very rare for 
Australian freshwater systems, and secondly because hundreds of otoliths were 
collected. 
The value of otoliths lie in their continuous deposition, which means that, with 
appropriate validation, daily and seasonal growth increments can be used as accurate 
timekeepers of fish age (Secor et al. 1995). Moreover, the relative widths of increments 
can be used to reconstruct past histories of growth (Pereira et al. 1995). Essentially, it is 
assumed that under poor somatic growth conditions, otolith increment widths are 
reduced in contrast to periods of more favourable growth (Campana 1990). 
A number of studies have successfully used the hard-parts of fish ( otoliths, scales, fin-
rays and bones) to reconstruct growth chronologies (e.g. Boehlert et al. 1989, Guyette 
and Rabeni 1995, Pereira et al. 1995, Cyterski and Spangler 1996, LeBreton and 
Beamish 2000a, Ostazeski and Spangler 2001). Fish are proving particularly good 
organisms for this purpose, firstly because of their highly variable and indeterminate 
growth patterns (Weatherly and Gill 1987), and secondly because they respond to a 
complexity of internal (physiology, metabolism, behaviour) and external factors (food, 
competition, environment and climate) (Casselman 1987). Chronologies produced to 
date (based on either growth or abundance estimates) have provided novel insights into 
the environmental parameters associated with synchronous growth and productivity 
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shifts in a variety of fish stocks and species. Some studies emphasise density-dependent 
controlling mechanisms on fish ecology, such as an increase in growth with competitive 
release following intense fishing pressure (e.g. Boehlert et al. 1989). Other studies 
emphasise climate forcing-factors on fish growth and production, with there being a 
particular interest in the influence of regional climate phenomena such as extreme 
phases of the El Nifio Southern Oscillation (ENSO) or values of the Inter-decadal Pacific 
Oscillation (e.g. Downton and Miller 1998, Beamish et al. 1999, King et al. 2000, 
McFarlane et al. 2000). Not surprisingly, some studies have also identified the combined 
influences of both density-dependent and climate-forcing factors upon relative fish 
growth (e.g. Pereira et al. 1995, Cyterski and Spangler 1996, Ostazeski and Spangler 
2001). Therefore, in addition to chronologies being useful for identifying high-frequency 
(inter-annual) and low-frequency (inter-decadal) growth fluctuations, they also offer the 
potential to assess the relative balance between climate/environment drivers and density-
dependent drivers on patterns of fish growth. 
The suitability of golden perch otoliths for constructing retrospective growth 
chronologies was assessed in detail in Chapter 2, and the assumptions of annual 
periodicity of increment formation, high measurement precision, and a strong correlation 
between relative otolith and somatic growth were all upheld. This chapter therefore sets 
out to develop growth chronologies for Googong reservoir golden perch in order to 
identify if there have been any synchronous fluctuations in inter-annual growth, and 
whether these variations can be attributed to abiotic environment factors in particular. 
Materials and Methods 
Study site 
Googong reservoir (New South Wales) was constructed in 1974-1978 to augment the 
water supply for the townships of Canberra and Queanbeyan. The total catchment area 
of the Queanbeyan river upstream of the dam is 890 km2 and the reservoir impounds 
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124.5 Gigalitres of water over an area of 6.9km2 (National Capital Development 
Commission 1973, ACTSER 1994) (Fig. 1). Since the reservoir's completion in 1978, 
fingerlings of five fish species have been regularly stocked into the impoundment by 
ACT and NSW fisheries agencies in order to provide a mixed recreational fishery (Table 
1 ). Stocking of golden perch and silver perch typically occurs in late summer (March), 
Murray cod throughout summer (December to February), and the two exotic salmonids 
in early winter (May/June) when fry are commercially available. Fingerlings of golden 
perch are stocked at a size of 3-5cm and an age of approximately one month. The 
stocking of golden perch at three-yearly intervals allows for the assessment of stocking 
success, the likelihood of episodic natural recruitment and the influence of checks and 
unclear first years of growth on ageing error (precision and accuracy). 
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Fig. 1. Location of the study site, Googong reservoir (35°28'S, 149°18'E). 
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Table 1. Stocking history of Googong reservoir detailing the number of fingerlings of 
each species stocked by Environment ACT. 
Number of fingerlings of each species stocked 
Year Golden perch Murray cod Silver perch Rainbow trout* Brown trout* 
Macquaria Maccullochella Bidyanus Oncorhynchus Salmo 
ambigua peeli bidyanus my kiss trutta 
(Percichthyidae) (Percichthyidae) (Terapontidae) (Salmonidae) (Salmonidae) 
1981 36,000 
1982 
1983 20,000 100,000a 
1984 50,000 10,000 
1985 2,000 26,000. 1,000 
1986 30,000 10,000 
1987 100,000 
1988 75,000 10,000 
1989 17,280 
1990 15,000 
1991 15,000 
1992 13,333 10,000a 
1993 63,000a 10,000a 10,000a 
1994 30,000a 10,000a 10,000a 
1995 20,000a 2,000a 
1996 70,000 130,000a 
1997 10,000 10,000a 
1998 8,000a, 15,000 
'a' denotes fingerlings stocked by NSW Fisheries, * exotic salmonid species. 
Otolith collection and preparation 
Googong reservoir was surveyed annually from 1978 onwards by Environment ACT 
Wildlife Research and Monitoring. Sampling initially took place in October (Spring) and 
March (Autumn) each year until 1989, after which sampling became annual from 1990 
to 1995 (in late October), and then biennial from 1997 to 1999 (also in late October). On 
each sampling occasion, fish were collected at five standard locations within the 
reservoir (Bradleys Inlet, Burra Arm, Queanbeyan Arm, Shannons Inlet, Wells Inlet) 
using floating gillnets. Eight mesh sizes ranging from linch to 8inches (or 25-203mm) 
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oflength 35-40m and depth 2-7m were used (1" to 4" nets were 100 meshes deep, 5" to 
8" nets were 33 meshes deep). Four pairs of gillnets, each consisting of two lengths of 
different mesh size, were set for 15 hours with one end of each pair tied to the bank. 
Data collected for each fish included total length, weight and sex. 
Mounted transverse sections of sagittal otoliths were available for 701 golden perch 
captured between 1990 and 1999. For a random subset of 498 fish from 1991 to 1997, 
the unmounted second sagittal otolith of each pair was obtained and weighed to the 
nearest O.OOlg using a Mettler AE160 digital balance. To augment this collection, a 
further 165 otoliths from the March 1988 sampling were prepared as thin-sections. 
These otoliths were weighed, embedded in polyester resin, transverse sectioned to 
0.Smm thickness with a Buehler low-speed saw and then mounted on microscope slides 
with more polyester resin. In total 866 otolith sections spanning twelve years (1988-
1999) were available for use in this study (Table 2). 
Table 2. Summary details of golden perch collected from Googong reservoir by 
Environment ACT. 
Summary Information 
No. of otolith sections available 
Years of collection 
Fish length range (mm) 
Fish weight range (g) 
No. females & males 
Googong reservoir 
866 
March 1988, Oct 1990-1995, Oct 1997, Oct 1999. 
142 - 593 (mean 369 ± 84 S.D., median - 369) 
49 - 5,256 (mean 920 ± 766 S.D., median - 702) 
455 F, 400 M, 11 undetermined. 
Otolith ageing protocol and ageing precision 
Transverse otolith sections from Googong reservoir were aged under transmitted light by 
counting annual opaque zones following the methods described in Anderson et al. 
(1992a). This ageing method was validated for Googong reservoir golden perch to age 
sixteen using known-age fish as described in Chapter Two. After initial age estimation, 
age estimates were adjusted around a designated birthdate to ensure that fish of the same 
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cohort were always allocated to the same age group even though there may be some 
minor variation in the time of annulus formation within populations and over time 
(Bagenal and Tesch 1978). Anderson et al. (1992a) recorded annual opaque zone 
formation for M ambigua in the Murray-Darling Basin over the months of October to 
December and designated the birthdate as the 1st October. Battaglene (1991) also noted 
the same period of opaque zone formation for golden perch in Lake Keepit, NSW, but 
was less conservative in the designation of the birthdate and chose the mid-point of 1st 
November. A birthdate of 1st October is preferred for this study as many of the 
Googong samples collected in late October (1990-1999 samples) already had an opaque 
zone visible on the otolith edge. 
All otoliths were read twice on different occas10ns, the second time without any 
reference to the first age estimate. If there was a discrepancy between the first and 
second age estimates, the otolith was examined for a third time and if no final consensus 
was reached, it was deleted from use in the study. In order to determine the precision, or 
repeatability of age estimates, the coefficient of variation (CV) was calculated across 
fish (Chang 1982) (Equation 1). 
Equation 1. Coefficient of variation for determining precision of age estimates. 
2 
R (\j - ~) 
~ R-1 
I= 1 
CV.= 100% X --------
J x. 
J 
Where Xij represents the ith age determination of the jth fish; Xj equals the mean age 
determination of the jth fish; and R equals the number of times each fish is aged. The 
CVj was averaged across fish to produce an overall mean CVj. 
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Lee's phenomenon and size-selective bias - determining when golden perch are 
recruited to the fishing gear 
Lee's phenomenon is commonly observed in fisheries studies due to the size-selective 
nature of most fishing gears and natural size-selective mortality (Lee 1912, Ricker 
1969). Lee's phenomenon results in over-estimation of the average growth rate of 
younger age classes, as fast growing fish tend to be captured by the fishing gear at 
younger ages than slower growing members of the same cohort (Campana 1990). Also, 
there is a tendency for larger or faster growing juveniles to gain a survival advantage 
over smaller slower growers through the mechanisms of reduced predator vulnerability, 
increased tolerance to starvation and enhanced resistance to environmental stress 
(Sogard 1997). Thus, in order to determine the age at which golden perch in Googong 
reservoir are fully recruited to the gillnets, and identify the ages where this positive 
growth bias is likely to be of greatest influence, a frequency histogram of age classes by 
sex was plotted. 
Measurement of otolith growth 
Digital images of otolith sections were captured using a camera attached to a dissecting 
microscope and computer as described in Chapter 2. Two methods were used to 
reconstruct otolith growth across the life of each fish, increment diameters (ages 1 to 4) 
and increment widths (ages 2 onwards), as described in Chapter 2 and pictured in Fig.2. 
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Proximal Standardised measurement 
Ventral Dorsal 
Distal lmm 
Fig. 2. The range of measurements taken on each golden perch transverse-section. (This 
fish has just turned six, with an opaque zone just visible near the proximal edge of the 
otolith). Diameters were measured for the first four annual increments by measuring to 
the outer edge of each opaque zone along the dorsal-ventral axis (marked on the figure 
by vertical white bars). Increment widths were measured for all annual increments after 
the first year of growth using a transect on the proximal axis (marked as a black line). 
The six opaque zones are marked on the proximal transect by white circles. CH: check 
between first and second opaque zones. S: Sulcus acousticus. SA: sub-annual but faint 
increments within the first year of growth. 
Reconstructing the somatic growth chronology 
Chapter Two demonstrated that otolith growth faithfully recorded relative somatic 
growth for a single cohort of golden perch from Googong reservoir (N=55, 1986 stocked 
cohort). However, it was deemed necessary to determine if this tight longitudinal 
relationship held for larger sample sizes and different cohorts encompassing a broader 
range of ages and years. Thus, the correlation between otolith and somatic growth was 
assessed for all available fish (N=866, nine cohorts with birth years from 1980 and 
1995). In order to determine recent trends in the somatic growth of Googong reservoir 
golden perch, the mean lengths and weights of each cohort were plotted by year of 
collection. 
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Reconstructing the otolith increment width growth chronology 
The advantage of using otoliths as a proxy for the somatic growth record is that they 
provide retrospective and longitudinal growth information, rather than a single size-at-
age datapoint as is the case with fish length or weight at capture. To determine if 
individual otolith growth records displayed the same relative trends as somatic growth, 
3928 measurements of increment width were taken on 697 transverse-sections from fish 
collected between 1988 and 1999. Of the total of 866 aged otoliths available from 
Googong reservoir, 13 sections were excluded due to sectioning errors or ageing 
discrepancies, 93 sections were excluded from mainly immature fish aged less than four 
due to the possible confounding influence of Lee's phenomenon (Lee 1912, Ricker 
1969), and only a sub-sample of the remaining March 1988 samples were measured (63 
excluded). Further, the incomplete marginal increment measurements for each fish were 
excluded as not all otoliths had a clearly formed opaque zone by the time of sampling at 
the end of October. 
To reconstruct the growth chronology of the Googong reservoir population, otolith 
increment widths (differenced and then natural logged) were analysed using variance 
components models (or mixed models) using the residual maximum likelihood (REML) 
procedure in Genstat6 (Genstat 1993). Mixed models were essential given the repeated 
measures design (where up to sixteen measurements were taken on each fish), giving 
rise to correlated error structures. Further, to assess the level of autocorrelation in the 
otolith increment width data in detail, (which could otherwise potentially confound the 
identification of correlated environmental parameters due to lagged effects (Stevenson 
and Campana 1992), variograms and Durbin-Watson statistics (Draper and Smith 1981) 
were used to determine the degree of serial correlation in those fish that had 
chronologies of at least six years length. 
To model the ontogenetic decline in increment width with increasing age (Lombarte and 
Lleonart 1993), a cubic polynomial (fixed effect) was fitted to the increment width data. 
To account for the repeated measures design, individual fish identities were fitted as a 
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random effect (FishID). Then to assess the significance of other random effects of 
interest in accounting for the remaining otolith growth variation, these were fitted in turn 
to the base model and estimated by weighted least squares. Factors of interest included: 
• inter-annual variation [Year], 
• variation due to individual cohorts [Cohort], and 
• variation in growth responses for different aged cohorts m any given year 
[Year* Cohort interaction]. 
The change in model deviance associated with dropping a random effect approximates a 
chi-square distribution, and thus the comparison of full-model and sub-model deviances 
was used to assess the significance of each effect and determine the most parsimonious 
model structure. Once the statistical model structure was finalised, the resulting otolith 
growth chronology (annual predicted means) was compared to the somatic growth 
chronology (mean cohort length and weight by year) to determine if otoliths are indeed a 
faithful proxy for relative fish growth. 
Determining whether otolith increment diameters record the same relative growth 
information as increment widths 
Although increment diameter measurements were restricted to the first four years of 
immature fish growth, these shorter length longitudinal growth records were analysed to 
determine if somatic growth variations were faithfully recorded in a second otolith 
dimension. Otolith diameters are commonly measured in growth studies (Anderson et al. 
1992b, Anderson et al. 1992a, MacLellan and Saunders 1995, Trippel et al. 1995) and 
thus it was deemed important to compare their relative sensitivity for constructing 
growth chronologies to that of increment widths. However due to the potentially 
confounding influence of stocking versus natural recruitment on the size of the first year 
of growth, the first year of growth was analysed separately (following section), and here 
only the increment diameters for years two to four are considered. Diameter 
measurements were taken on 735 transverse-sections from fish collected between 1988 
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and 1999. (From the full collection of 866 otoliths, 13 ageing discrepancies and 118 fish 
from the March 1988 sampling were excluded). As with increment widths, differenced 
and natural logged diameter measurements were analysed with mixed models (REMLs) 
to partition the variation in growth. 
Assessment of the likelihood of natural recruitment in Googong reservoir 
Anderson et al. (1992a) deemed Googong reservoir to have a mixed population, 
whereby the majority of golden perch were stocked but there were also a small number 
of fish which did not correspond to any known stocking. The authors of this study 
suggested that these other sourced fish were perhaps due to ageing error or illegal 
stocking, but here the alternate possibility of natural recruitment was assessed through 
measurement of the first year of otolith growth. 
It was hypothesised that wild-spawned fish should have a larger first year of growth than 
hatchery-spawned fish. After stocking there is very little growing season left for 
fingerlings to acclimate to wild-living and achieve significant somatic growth in their 
first year. This is because stocked fish are typically released into Googong reservoir at 
the end of summer (March) at water temperatures of around 20°C (at 0.3-Sm), but by 
mid-April water temperatures typically drop to around l6°C. Golden perch are tolerant 
of temperatures from 4-37°C, but the optimum temperature range for growth is believed 
to be in the range 22-30°C (REAP 1990). In contrast, any naturally spawned golden 
perch are most likely to have spawned earlier in the growing-season on spring flows and 
would likely have achieved greater somatic growth gains in their first year of life. To 
test this hypothesis, the natural logged first increment diameters were analysed with a 
REML, fitting fish age (to account for selective mortality effects) and stock identity 
(stocked or non-stocked) as fixed effects. 
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Potential biases in reconstructing growth when scaling results from the individual 
to the population 
Although combining many individual growth records from fish of several ages can 
provide a relatively robust estimate of mean population growth, there are several sources 
of potential bias. These include sex differences in growth where one of the sexes 
dominates particular age classes (e.g. older fish often tend to be females), whether or not 
stocked fish grow differently to non-stocked fish throughout their lives, and the 
influence of size-selective mortality. The significance of each of these was assessed and 
the methods described below: 
a) Sex differences in otolith and somatic growth 
Sex differences in the growth of golden perch were examined for otolith increment 
width-, otolith weight- and fish-length at age records. To determine if there were sex 
differences in otolith growth, 'Sex' [Male or Female] was entered into the mixed models 
of natural logged increment width as a fixed effect and the significance assessed with a 
Wald Test. After cropping the female dataset to match the age range of the male dataset 
(ages 2-14), regressions of otolith weight on age were carried out for each sex. The 
significance of 'Sex' in accounting for differences in otolith weight-at-age was assessed 
with a two-way ANOV A. 
For the fish length at age data, van Bertalanffy growth equations (Equation 2) were 
fitted to the separate male and female datasets as well a combined sex dataset. A non-
linear fitting procedure in JMP3·2·6 (SAS Institute) was used to estimate the values and 
confidence limits of the van Bertalanffy parameters. However, before fitting this 
equation to the datasets, three modifications were made: 
• Firstly the size-at-age data for fish from the March 1988 sampling were excluded 
due to seasonal growth rate variation. The majority of otoliths from Googong 
were collected in October (spring, beginning of the growing season), with only 
the March 1988 samples being sourced from the end of the growing season (early 
autumn). As growth rate varies non-linearly with season, this meant that March 
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fish were much larger-at-age than October fish. Rather than include a sine wave 
function in the von Bertalanffy growth curve to account for this seasonal 
variation (Pauly and Gaschutz 1979), the relatively small number of early 
autumn samples were instead deleted (March 1988, N=165, 19% of the full 
dataset). 
• Secondly, size information for ten known-age juveniles (hatchery fingerlings) 
were added to all the datasets to help anchor each von Bertalanffy growth 
equation. This was necessary as juvenile fish were lacking due to the selectivity 
of the gillnets used in the field surveys. 
• Thirdly, as with many other fish species, female golden perch tend to reach 
larger sizes and older ages than males, resulting in a skew in the dataset when 
comparing between sexes (Wootton 1990). For instance the full Googong 
dataset, although biologically realistic, had different length and age ranges for 
males and females (age range 2-14 years for males, 2-16 years for females; total 
lengths 164-580mm for females, 175-537mm for males; N=310 males, N=383 
females). This imperfect overlap in size and age range can cause statistical 
difficulties when comparing fitted von Bertalanffy growth parameter estimates 
(increased chance of committing Type I errors - concluding that there is a 
significant difference when one does not actually exist). To improve statistical 
robustness, the female dataset was cropped by seventeen of the larger, older fish 
in order to match length and age ranges for males and females (age range 2-14 
years for males and females; total lengths 164-537mm for females, 175-537mm 
for males; N=310 males, N=366 females). Tests for significant sex differences 
were carried out for the full and cropped datasets with a log likelihood ratio test 
(Kimura 1980) comparing the residual sums of squares for the full model that 
separated the sexes with the simpler sub-model that combined them. 
Equation 2. von Bertalanffy growth equation. 
-k(t-t0 ) Lt= La) [1-exp ] 
Where 'Lt' represents mean length at age t, 'L00 ' represents asymptotic mean length, 'k' 
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the rate constant determining how rapidly L00 is approached, and 't0 ' the nominal age at 
which mean length is 0. 
b) Whether an individual belongs to a stocked or non-stocked cohort 
To determine whether stocked fish grew differently throughout their lifetime to naturally 
spawned fish, stocking identity was included in the mixed models of natural logged 
increment width. Stocking identity [SINS - stocked, non-stocked] was included as a 
fixed effect and assessed with a Wald Test. 
c) The influence of size/age selective mortality 
There is the potential for the sensitivity of the otolith growth record to change with age. 
As younger fish tend to be faster growers than old fish, laying down wider otolith annual 
increments, they may provide more sensitive growth records for the detection of density-
dependent effects on fish growth as density-dependence tends to be most pronounced in 
late-larval or juvenile stages (Ware 1980, Cowan et al. 2000). However the increased 
influence of density-dependent effects on younger age classes may also act to confound 
the detection of climate effects which are of greater interest for this study. 
A further issue with biases in the age record is that in addition to young fish tending to 
be faster growing (leading to growth rate overestimation when scaling up inferences to 
the cohort or population), old fish may equally have a 'biased' representation of average 
growth at previous ages due to selective mortality effects. One of the common maxims 
of Life History Theory, 'live fast, die young', is based on the finding that slower 
growing fish tend to live longer and have lower mortalities as derived from the von 
Bertalanffy growth equation (Pauly 1980). Therefore those golden perch that live to 
older ages may well be characterised by relatively slow growth at earlier ages. If this is 
indeed the case, growth chronologies constructed from these individuals would 
underestimate the mean population growth, instilling a negative bias. 
The potential for positive or negative growth bias of the otolith record was graphically 
explored through plots of the relative growth of the more abundant cohorts (1980, 1983, 
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1986, 1988) by different ages at capture. As there is a strong ontogenetic trend of 
decreasing increment width with increasing age, the masking effects of the age trend 
were firstly removed before assessing the relative growth patterns. Following Pereira et 
al. (1995) this was achieved by fitting a negative exponential with a lower asymptote 
term to the increment width data (N=736 fish in the age range two to sixteen, with 4032 
increment width measurements) (Equation 3). 
Equation 3. Modelling the ontogenetic decline in increment width with increasing age. 
- -02i Yi - 01 exp + 03 
In the above equation, i represents age and Yi represents the otolith.increment accrued 
during the ith year (or growing season) of the fish's life. 
A non-linear fitting procedure in JMP3·2·6 (SAS Institute) was used to estimate the values 
of the parameters 81 82 and 83. The relative growth deviation for every measurement 
' 
was then calculated as the natural log of the observed increment width minus the natural 
log of the expected increment width for that age (obtained from the exponential 
equation). These growth residuals were then grouped by the age at capture and the 
annual mean values plotted for each cohort separately. 
To empirically assess the issues of changing otolith record sensitivity with age and the 
potential for directionally-biased growth estimates for young and old individuals, fish 
age at capture was included as a fixed effect in the mixed models of natural logged 
increment width. The significance of the fish age at capture [F Age] was assessed using a 
Wald Test. 
Identifying whether environmental parameters are correlated with growth 
chronologies 
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Water quality data was obtained for Googong reservoir from ACTEW Corporation Ltd 
(water level, temperature and dissolved oxygen levels) and climate data from the 
Australian Bureau of Meteorology (Southern Oscillation Index), to determine if 
environmental parameters were correlated with the inter-annual variation in otolith 
growth. Data from six of ACTEW's water quality monitoring sites from 1981 to 1997 
were available, encompassing the mid-water and shoreline areas near the darn wall 
(water quality stations 717 and 718), two mid-points along the reservoir's length 
(stations 722 and 724), and the upstream limits of each arm of the reservoir connecting 
with Queanbeyan river and Burra Creek (stations 728 and 729 respectively). 
To determine if environmental parameters were correlated with otolith growth from 
1982 to 1997, two data manipulation steps were taken before fixed effects were included 
in mixed models (REMLs). Firstly, the calendar alignment of environmental sampling 
events was changed to match the periodicity of otolith growth years. e.g. sampling 
events falling between 1st October 1982 and 30th September 1983 were coded as 
belonging to the fish growth year 1983. Secondly, consideration was given to the spatial 
complexity of Googong reservoir and its relation to habitat use by golden perch. 
Googong reservoir is over 30m deep, but water quality data used in the REML analyses 
were restricted to the depth range 0.3-5m. This range was chosen to correspond to the 
most likely behavioural a-ctivity depth for golden perch in the reservoir and because 
water quality readings displayed strong concordance over this depth range. 
Temperature 
Golden perch in Googong reservoir are at the lower thermal- and upper altitudinal-
limits of their geographic range, thus the length of the growing season was chosen as the 
measure of temperature most likely to influence fish growth. Growing season length was 
calculated as the cumulative number of degree-days exceeding 20°C integrated over the 
depth range 0.3-5m. 20°C was used as the threshold for positive growth as in the 
migration study of Reynolds (1983), golden perch behavioural activity significantly 
increased when the temperature rose above 20°C, and aquaculture studies report the 
optimum temperature range for growth to lie between 22 and 30°C (REAP 1990). The 
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number of degree-days was entered as a fixed effect into the REML model of otolith 
growth (natural logged increment widths for years 1982 to 1997) and a Wald Test used 
to assess its significance. The percentage change in the 'Year' stratum variance between 
the sub-model without the environmental effect and the full REML model including the 
fixed effect, was used to assess how much of the inter-annual variation in otolith growth 
the environmental parameter explained. 
Water Level 
Inter-annual variation in precipitation and discharge is correlated with Googong 
reservoir's water level. Thus a measure of water level variability was calculated using 
Principal Components Analysis (PCA) of the daily water level record. The growth years 
1982 to 1997 were the columns and the daily water levels were the rows of the data 
matrix (leap year days were cut so that all years had 365 rows). The first two principal 
components summarising the major axes of variation in the water level dataset were then 
entered into the REML model of otolith growth as fixed effects as previously described 
for temperature. 
Dissolved Oxygen 
Dissolved oxygen readings (mg/I) were converted to percent saturations to account for 
the changing solubility of oxygen with depth and temperature and the conversion 
equation also included an altitude-correction factor of 1.082 to account for Googong 
reservoir's 630m height above sea-level (Hutchinson 1957). A PCA was then carried out 
on the monthly minimum oxygen saturations, and the resulting principal components 
were entered into the REML model of otolith growth as previously described for 
temperature. 
El Nino Southern Oscillation (ENSO) 
A further environmental parameter, the El Nino Southern Oscillation phenomenon 
(ENSO), was included as a potential over-arching climate variable that might be 
correlated with otolith growth. This is because extreme phases of this phenomenon are 
significantly correlated with temperature, precipitation and discharge in Australian rivers 
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(Allan 1985, Simpson et al. 1993, Puckridge et al. 2000, Roshier et al. 2001). Floods 
tend to occur in La Nina episodes and droughts in El Nino episodes, although the 
correlations between discharge and values of the Southern Oscillation Index (SOI) are 
not simple and are often lagged (Puckridge et al. 2000). Monthly SOI values over the 
period 1982 to 1997 were obtained from the online archive of the Australian Bureau of 
Meteorology, analysed with PCA to summarise the major axes of variation and principal 
components entered into the REML model of otolith growth as described previously. 
Results 
High ageing precision 
The 866 otoliths from Googong yielded ages ranging from 2+ to 16 years and there were 
only seven occasions where the first and second age estimates did not correspond. From 
these seven discrepancies, four were due to sectioning errors and three were due to 
checks or unusual growth patterns. None of the discrepancies between age estimates 
exceeded more than one year and correspondingly the CV was very low at 0.1 %. No 
otolith sections had to be excluded from the ageing part of this study, although 
measurements were not possible on unclear sections or those that were far from the 
primordium (13 sections). Thus golden perch otoliths from Googong are very clear and 
there is a high within-reader ageing precision. 
Googong reservoir ageing results 
Several strong cohorts were identified with a clear progression of age classes from one 
year to the next {Table 3, Fig. 3). The majority of the dominant cohorts were stocked 
into the reservoirs as fingerlings (1980, 1983, 1986, 1992 and 1995), however there were 
two unexpected findings. Firstly, two relatively abundant cohorts were identified that did 
not correspond with any known stockings (the 1985 and 1988 cohorts, N=46 and 235 
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respectively). In the sections to follow on otolith growth measurements, results suggest 
that these 1985 and 1988 cohorts were most likely due to episodic natural recruitment 
rather than illegal stockings or ageing errors as initially suggested by Anderson et al. 
(1992a). (Another potentially natural cohort from 1993 was identified but not assessed 
any further as it was very weak, being represented only by two individuals from the 
1999 sampling). The second finding from the ageing results was that there appears to 
have been poor recruitment success of the 1989 stocking (N=ll). Either this is because 
fewer fingerlings were stocked in early 1990 (roughly one-third that of other years, 
Table 1) or alternatively conditions were not suitable for successful recruitment that 
year. 
Table 3. Ageing results for Googong reservoir golden perch summarised by cohort (year 
of birth). 
Number of golden perch caught in each sampling year 
Year of birth 1988 1990 1991 1992 1993 1994 1995 1997 1999 SUM 
1980 
1981 
1982 
1983 
1984 
1985* 
1986 
1987 
1988* 
1989 
1990 
1991 
1992 
1993* 
1994 
1995 
SUM 
12 3 
77 16 
31 5 
45 49 
165 73 
8 
15 
3 
46 
8 
80 
10 
9 
3 
51 
15 
88 
4 
5 
2 
44 
38 
1 
94 
8 3 3 
1 
42 25 7 
62 59 25 
8 
7 5 
2 
113 102 42 
37 
1 137 
1 46 
7 316 
28 235 
2 11 
18 30 
2 2 
50 52 
109 866 
* denotes a cohort that was not stocked, but rather demonstrates either natural 
recruitment, ageing error or illegal stocking. Note that birth years are coded one year 
less than fish growth years. i.e. a fish spawned in November 1988 would be coded with 
the birth year 1988 (summer of 1988/89) but the fish growth year 1989 (October 1988-
September 1989). 
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Year Class 
1985 
1986 1983 1980 
0.5 ~------------~ 
0.4 
0.3 
0.2 
0.1 
1988 
sampling 
n=(l 65) 
910111213141516 
0.5 ~--7--C---7------'------~ 
0.4 
0.3 
0.2 
0.1 
0 
1 2 ~ 4: 5 ~ 7 8 ~ 10 11 1213141516 
0.7 
0.6 1990 
0.5 n=(73) 
0.4 
0.3 
0.2 : 
" 0.1 
0 
1 2 3 4, 5'. 6 7. 8 9 10 11 12131415 16 
1988: : 
0.6 
" : 1991 0.5 : 
n=(80) 
0.4 : : : 
0.3 
0.2 
0.1 
0 
1 2 ~ 4 9, 6: 7 s. 9 10,, 12 13 14 15 16 
0.6 : 
: 1992 0.5 
0.4 : : n=(88) 
: : 
0.3 
: 
0.2 : 
: 
0.1 
0 
1 2 3 4. 5 s. 7', 8 9, 1011 1~13141516 
19$9 : 
" : : 0.5 : : : : : 1993 
0.4 : 
;n=(94) : : 
0.3 : 
: : : 
0.2 - : 
: 
0.1 : : : 
: 
0 
1 2 3 4 5 6 7 8 9 1011 1213141516 
Year Class 
1985 
1 988 1986 1983 
0.6 ~------------~ 
0.5 
0.4 
0.3 
0.2 
0.1 
1994 
sampling 
n=(113) 
1 2 3 4 5 q 7 8, ~ 101! 1213141516 
1992 198.9 
0.6 ~----7--~--'-----~ 
0.5 
0.4 
0.3 
0.2 
0.1 
1995 
: n=(l 02) 
0 +-~~----,J<"-,-'-,-L,--c'¥--~~¥-,-~---,-----1 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
1 2 4 5 q ~ 8 9, 1p111?13141516 
" : 
: 
" : : 
: 
: 
" : 
: : 
: 
: 
" 
" 
: 
: : : 
: : 
: : : : : 
" " 
: 
: 
: 
: 
" 
: 
1 2 3: 4 5 6: 7 8 9', 1 cl 11 12 13 14 1 s 16 
1993 
: 1'999: 
" 
~=(109) 
1 2 3 45678910111213141516 
Estimated Age (years) 
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Fig. 3. Progression of stocked and natural year classes by sampling year. The panel of 
graphs display the ageing results for each year of collection from 1988 to 1999. 
Naturally spawned cohorts are indicated by white histogram bars, stocked cohorts by 
striped histogram bars. (Empty graphs represent years when sampling was not 
undertaken). Dotted lines follow the progression of each cohort through time. 
There is a similar, but much less defined, pattern of progression of length-frequency 
modes by age (Fig. 4). Although the fish length distribution for each cohort slowly 
increases with estimated age, there is considerable variation in size-at-age. For instance 
4 year old golden perch, the age at which females generally reach maturity (Lake 
1967b), can range anywhere from 170 to 410mm in length. This length range 
encompasses almost the entire age range of Googong reservoir golden perch, 
overlapping with 2 to 14 year olds (Fig. 4). This demonstrates the slow and highly 
variable growth rates of golden perch towards the upper altitudinal and lower thermal 
limits of their distribution. 
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170 230 290 350 
1990 sampling 
(N=73) 
410 470 530 
1 991 sampling 
(N=80) 
170 230 290 350 410 470 530 
170 230 290 
1992 sampling 
(N=88) 
350 410 470 530 
1993 sampling 
(N=94) 
170 230 290 350 410 470 530 
20 
15 
10 
5 
20 
15 
10 
5 
20 
15 
10 
5 
170 230 290 350 410 470 530 
1995 sampling 
(N=l 02) 
170 230 290 350 410 470 530 
170 230 290 
1997 sampling 
(N=42) 
350 410 470 530 
1 999 sampling 
N=l09) 
170 230 290 350 410 470 530 
Length (mm) 
lllllAge 2 IIIllAge 3 DAge 4 OAge 5 •Age 6 
~Age 7 [8]Age 8 e!Age 9 Ifill Age 10 •Age 11 
~Age 12 ~Age 13 ~Age 14 !§!Age 15 ~Age 16 
Fig. 4. Length-frequency distributions (20mm size classes) for golden perch collected 
from Googong reservoir, displaying estimated ages of fish. X-axis labels display the 
mid-point value of each 20mm size category. The March 1988 samples were not 
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included in this figure as seasonal growth differences would have confused 
interpretation of the progression of size classes. Golden perch collected in March 1988 
were generally relatively larger-at-age than the samples collected in October 1990-1999 
as they were collected at the end of the growing season rather than the beginning. 
Lee's phenomenon and size-selective bias is prominent for immature fish aged less 
than four 
A frequency histogram of different age classes by sex was plotted in order to determine 
the age at which golden perch in Googong reservoir are fully recruited to the gillnets, 
and to define the threshold for Lee's phenomenon (Fig. 5). Golden perch do not become 
fully recruited to the fishing gear until 3+ years old. This is because year classes 1 (O+ ), 
2 (l+), and 3 (2+) are under-represented when compared to an idealised population 
structure (where juvenile fish are the most abundant age classes). 
The majority of fish aged less than four (84 of the 93 fish aged between O+ to 3+) were 
from the March 1988 sampling (end of the growing season) rather than the October 
sampling of all other sampling years (beginning of the growing season). This 
demonstrated that young, immature fish aged less than four were not adequately caught 
in the October gillnet surveys. Fig. 5. also highlighted that there is a relatively even 
distribution of sexes between the age-classes up until around 8years of age. After 8years, 
females tend to become more common than males. 
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Female 
N=(455) 
S'I m ~ -
LJ '--' u ~ 
-
-
Male 
N=(400) 
5 7 9 11 13 15 
Age Estimate (years) 
Fig. 5. Frequency histogram of age estimates by sex for golden perch caught in 
Googong reservoir between 1988 and 1999 (11 of the 866 golden perch had no sex 
information recorded and thus were not included in this histogram). 
The somatic growth chronology: poor growth over 1990 to 1992, followed by 
improved growth from 1993 onwards 
Recent trends in somatic growth were identified by plotting mean fish length and weight 
at age for each cohort (Fig.6). As fish are flexible and indeterminate growers (Ricker 
1975), under optimal growth conditions it can be assumed that fish will increase in 
length and weight with increasing age until they approach an upper asymptotic level 
(Beverton and Holt 1957, von Bertalanffy 1957). However over the three-year period 
from 1990 to 1992, virtually all cohorts showed a cessation in growth followed by a 
strong resumption of growth in 1993 (with the exception of the 1983 cohort) (Fig. 6). 
This relative pattern of growth held irrespective of the age and growth rates of the 
majority of cohorts. That is, the older and slower growing fish from the 1980 cohort (10-
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13 years) showed the same relative growth pattern over the years 1990-1993 as the 
younger and faster growing fish of the 1986 (ages 4-7) and 1988 (ages 3-5) cohorts. 
Further the 1985 and 1988 non-stocked cohorts displayed the same relative growth 
profile as the stocked cohorts over this period. This coherence lends support to the 1985 
and 1988 cohorts representing 'real' episodic natural recruitment events rather than 
being due to misclassified fish arising from ageing errors. 
The only cohort which did not follow this general growth pattern was the 1983 cohort, 
which although displaying depressed growth in 1991, had the opposite general pattern of 
higher mean lengths and weights in 1992 than in 1993. However this may be an artefact 
oflow sample size as only nine fish of this cohort were caught in 1992 and five in 1993 
(Fig. 6). The lengths of less abundant cohorts are not estimated as precisely as those of 
abundant age groups (Dom 1992). 
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Fig. 6. Mean fish length and weights by year for each cohort(± lS.D.). The upper graph 
displays the six stocked cohorts, the lower graph the three non-stocked cohorts. Years 
are aligned according to otolith opaque-zone periodicity rather than calendar years. i.e. 
1986 actually runs from October 1985 to the end of September 1986. 
The otolith growth chronology matches the somatic growth chronology: poor 
growth over 1990 to 1992, followed by improved growth from 1993 onwards 
The otolith growth record over the period 1982-1998 was analysed using REML models 
of natural logged increment width (Table 4). After onto genetic effects were accounted 
for with a cubic polynomial, 'Year' accounted for the largest variance component 
(0.0149) followed by the much smaller 'Year*Cohort' interaction term (0.0046) and 
'Cohort' term (0.0036). As the 'Year*Cohort' interaction term was significant, this can 
be interpreted as cohorts behaving differently across years, although this interaction term 
had a much smaller stratum variance than 'Year' as a main effect. Stratum variance due 
to individual fish identity 'Fish_ID' accounted for little variation above baseline ·error 
variance (#units), and thus while significant, was not a major factor in explaining 
variation in increment widths (Table 4). 
Table 4. REML model output ofGoogong 1982-1998 natural logged increment widths. 
Random Variance S.E. Stratum Effective Deviance Chi-sq 
Factors Component Variance d.f. + change Prob. 
Fish ID 0.004 0.0004 0.004 656 82 <0.001 
Year 0.015 0.006 1.232 16 1861 <0.001 
Cohort 0.004 0.003 1.549 6 91 <0.001 
Y ear*Cohort 0.005 0.001 0.096 44 287 <0.001 
#units 0.021 3203 
#units - Residual variance or baseline error variation. + Deviance change between full 
model (including the random effect) and sub-model (excluding the random effect). 
Cubic age functions were fitted as fixed effects in the models to describe the ontogenetic 
decline in otolith increment width (growth) with increasing age. The Wald Statistic for 
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Age was 1146, d.f.l, Chi-sq <0.001, for Age2 was 191, d.f.1, Chi-sq <0.001, and for 
Age3 was 16, d.f.l, Chi-sq <0.001. 
This REML model was then used to calculate predicted means for each year and cohort 
(Fig. 7). In order to interpret each cohort's relative growth over the whole time-period, 
the mean of the predicted means between 1985 and 1998 was calculated and 
superimposed onto Fig. 7 as a horizontal line. (The years 1982 to 1984 were not 
included in the calculation of the period-mean due to their potentially biased nature as 
they were only represented by a single cohort of older fish). The same relative growth 
profile was seen in the otolith increment widths as in the mean fish lengths and weights 
at age (Fig. 6). For all cohorts the period 1990-1992 was associated with below average 
growth, and 1993 onwards with above average growth. 
In the previous somatic growth results section (mean fish length and weight), the 1983 
cohort's growth over 1992 and 1993 did not match the population profile (Fig. 6). 
However here the otolith record does match the population profile, showing poor growth 
in 1992 and improved growth in 1993, most likely due to greater sample sizes and 
perhaps due to the more conservative nature of otolith growth when compared to 
somatic growth (Stafford et al. 2002). (In 1992 the 1983 cohort had 27 otolith 
measurements compared to only 9 somatic measurements and in 1993 there were 18 
otolith measurements compared to 5 somatic measurements). 
It is unlikely that the improvement in otolith growth from 1993 to 1998 is an artefact due 
to Lee's phenomenon, as all fish less than four years of age at capture (juveniles) were 
excluded from the models to limit the influence of faster growing fish positively biasing 
growth estimates. 
The 1985 and 1988 non-stocked cohorts also displayed the same relative somatic and 
otolith growth profile as the stocked cohorts over this period (Fig. 6 and Fig. 7 
respectively). Again this coherent growth pattern lends support to the 1985 and 1988 
cohorts representing 'real' episodic natural recruitment events. Examples of the typical 
70 
Chapter 3 - Otoliths as barometers of local climate 
growth patterns observed in transverse sections of stocked and non-stocked individuals 
are illustrated in Fig. 8. 
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Fig. 7. Relative growth profile for each cohort through time. Predicted mean annual 
increment widths were calculated in a REML accounting for repeated measures, 
correlated error structures and ontogenetic effects. The upper graph displays stocked 
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cohorts and the lower graph presumed wild-spawned cohorts. Error bars are plus and 
minus one standard error of a difference (S.E. 0.06). The horizontal line represents the 
average growth value over the period 1985 to 1998. The first three years of the 
chronology were not included in the calculation of the period-mean as years 1982-1984 
were only represented by a single cohort of older fish. Years above this period-mean 
represent better-than-average growth and years below the period-mean represent poorer-
than-average growth. Years are aligned according to the timing of otolith opaque-zone 
appearance rather than calendar years. i.e. 1986 actually runs from October 1985 to the 
end of September 1986. 
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Fig. 8. Two otoliths representative of the growth patterns seen in stocked and non-
stocked cohorts. The years 1990-1992 are relatively narrow and the year 1993 is 
relatively wide. On the left is Wells.99.17, collected in 1999, aged 13, which belonged 
to the stocked 1986 cohort. On the right is Bradleys.99.04, collected in 1999, aged 11, 
which belonged to the wild-spawned 1988 cohort. The upper panel of graphs is the XS 
magnification of the proximal surface in detail with opaque zone boundaries marked by 
white squares and years of increment formation identified by text. The middle panel of 
graphs is the Xl .25 magnification of the entire transverse section. The lower panel of 
graphs relates the measured increment widths (solid line) to the expected increment 
widths at age (dashed line surrounded by dashed confidence limits). Expected increment 
widths were calculated by fitting a negative exponential with a lower asymptote to the 
increment width at age data for all Googong reservoir samples (Increment width= 760.9 
*exp (-O.SO*Age) + 100.3). Wells.99.17 on the left has below average growth from 1990-
1992, but a much larger than expected increment width in 1993. Bradleys.99.04 on the 
right also has reduced growth from 1990-1992 and above average growth from 1993 to 
1998. 
Concordance in otolith growth chronologies across cohorts - identifying the 
strength of the common signal 
Although the 'Y ear*Cohort' interaction term was significant in the REML model of the 
previous section, 'Year' as a main effect accounted for a much larger variance 
component than the interaction term (Table 4). This suggests that although cohorts may 
behave differently across years, it is inter-annual differences that dominate variation in 
otolith increment widths. As was seen in Fig. 7, all cohorts have similar relative growth 
patterns in years of strong growth deviations from average. That is, over the period 1990 
to 1992, no matter the size and age of the fish, all cohorts displayed the same poor 
growth pattern. Thus, to improve model parsimony, the coherency in the growth 
response across cohorts (the strength of the common signal) was empirically assessed in 
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order to determine if the 'Y ear*Cohort' interaction term could be dropped and the 
REML model simplified to consider 'Year' and 'Cohort' as separate main effects. 
Concordance in growth response was assessed in two ways -
a) between individual fish common to a single cohort, and 
b) between individuals of different cohorts over the same time period. 
Pairwise correlations were calculated from the longitudinal profiles of individual fish 
and the cohort mean profiles respectively. To create individual growth profiles, the 
relative growth of every measurement was calculated as the natural log of the observed 
increment width minus the natural log of the expected increment width (obtained from 
the exponential equation Eq. 3 and reported in Fig. 8). The mean pairwise correlations 
for individual fish within each cohort ranged from 0.21 to 0.64 for those cohorts with 
more than ten fish (Table 5). Individual fish within the 1980, 1985, 1986 and 1988 
cohorts displayed relatively coherent growth responses across years (mean correlations 
greater than 0.48), whereas the fish in the 1983 cohort had more variable growth profiles 
(mean correlation of 0.21). 
Comparing the growth record across cohorts using the predicted means from the REML 
analysis (Year* Cohort interaction term, with more than two growth years in common), a 
substantially higher mean correlation between cohorts of 0.87 was revealed (Table 6). 
Thus the coherency of growth response across years (common signal) within and 
between cohorts is strong. This meant that the REML model could indeed be simplified 
and the interaction term 'Year*Cohort' dropped to yield a more parsimonious population 
profile of relative golden perch growth across years (Table 7, Fig. 9) . 
. Effect sizes were then used to identify which years were significantly different: · from 
one another (Table 8). The five years that had the greatest effect sizes over the 1982-
1998 period (17 years) were 1990, 1991, 1992 (poor growth years) and 1982 and 1997 
(good growth years). 
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Table 5. Mean pairwise correlations for the otolith growth profiles of individual fish 
within each cohort (for ages two to ten using LN[observed increment width at age]-
LN[ expected increment width at age]). 
Cohort* No. Fish Mean pairwise correlation± S.E. 
1980 30 0.54 ± 0.014 
1983 57 0.21±0.011 
1985 14 0.49 ± 0.037 
1986 263 0.48 ± 0.002 
1988 199 0.64± 0.003 
1989 4 0.65 ± 0.167 
1992 4 -0.23 ± 0.191 
*Note that cohorts are aligned according to the beginning of breeding seasons, i.e. 1980 
represents fish spawned in the 1980/81 breeding season (October 1980-March 1981). 
Table 6. Pairwise correlations between cohorts using REML predicted means by year 
(fitting Year*Cohort interaction term). 
Cohort 
1980 
1983 
1985 
1986 
1988 
1989 
1992 
1980 
0.44 
0.90 
0.68 
0.95 
0.97 
1983 
9 
0.94 
0.85 
0.94 
0.95 
0.82 
1985 
7 
12 
0.87 
0.97 
0.98 
0.88 
Cohort 
1986 1988 
6 4 
11 9 
11 9 
9 
0.95 
0.92 0.99 
0.87 0.60 
1989 
3 
8 
8 
8 
8 
0.88 
1992 
5 
5 
5 
5 
5 
Upper right half of table - number of growth years in common when calculating each 
correlation. Lower left half of table -pairwise correlations between cohorts. Overall 
mean pairwise correlation across cohorts was 0.87. 
Table 7. REML model ofGoogong 1982-1998 natural logged increment widths (minus 
Cohort by Year interaction). 
75 
Random Factors 
Fish ID 
Year 
Cohort 
#units 
Variance 
Component 
0.003 
0.023 
0.005 
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S.E. 
0.0004 
0.008 
0.003 
Stratum 
Variance 
0.042 
2.157 
1.723 
0.024 
Effective Chi-sq 
d.f. Prob. 
649 <0.001 
16 <0.001 
6 <0.001 
3253 
#units - Residual variance or baseline error variation. Cubic age functions were fitted as 
fixed effects in the models to describe the ontogenetic decline in otolith increment width 
(growth) with increasing age. The Wald Statistic for Age was 1564, d.f.1, Chi-sq 
<0.001, for Age2 was 1269, d.f.1, Chi-sq <0.001, and for Age3 was 62, d.f.1, Chi-sq 
<0.001. 
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Fig. 9. Relative otolith growth profile of Googong reservoir golden perch. Predicted 
mean annual increment widths were calculated in a REML, plus and minus one S.E. 
(0.035). Numbers are the number of otolith measurements for each year. The horizontal 
line represents the average growth value over the period 1985 to 1997. The first three 
years of the chronology were not included in the calculation of the period-mean as years 
1982-1984 were only represented by a single cohort of older fish. Years above this 
period-mean represent better-than-average growth and years below the period-mean 
represent poorer-than-average growth. Years are aligned according to otolith opaque-
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zone periodicity rather than calendar years. i.e. 1986 actually runs from October 1985 to 
the end of September 1986. 
Table 8. Years of fish growth that are significantly different using effect sizes from the 
REML model of 1982-1998 natural logged increment widths. 
Year Ranking Years that are significantly different (*) 
Effect 
# Size 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 
1982 3 0.259 
1983 17 0.003 * 
1984 11 0.052 * 
1985 16 0.008 * 
1986 10 -0.065 * 
1987 9 -0.092 * 
1988 13 -0.047 * 
1989 15 -0.020 * 
1990 1 -0.263 * * * * * * * * 
1991 2 -0.262 * * * * * * * * 
1992 4 -0.215 * * * * * * 
1993 14 0.044 * * * * 
1994 12 0.047 * * * * 
1995 8 0.105 * * * * * * * 
1996 7 0.134 * * * * * * * 
1997 5 0.164 * * * * * * * * * 
1998 6 0.148 * * * * * * * 
SUM 13 5 4 5 7 7 8 7 14 14 12 4 4 7 7 9 7 
Mean± 2 S.E. (0.035). # - Years ranked by effect size, with Rank 1 being the largest. 
Weak autocorrelation in otolith growth chronologies 
Variograms for fish individuals that had more than six years of growth data had a very 
weak lag-1 autocorrelation. Further, the Durbin-Watson statistic that assesses the degree 
of autocorrelation was only 1.92 (based on N-3928 measurements, resulting in an 
autocorrelation value of only 0.039). The Durbin-Watson statistic lies in the range 0-4. 
A value of 2 or nearly 2 indicates that there is no first-order autocorrelation, with an 
acceptable range lying between 1.5 and 2.5 (Draper and Smith 1981). Thus growth in 
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each year of measurement is only slightly dependent on the growth conditions of the 
preceding year. The relative absence of autocorrelation greatly simplifies the 
identification of environmental parameters that may be correlated with particular otolith 
growth patterns in Goo gong reservoir golden perch. 
A second otolith dimension, increment diameters, also recorded poor growth over 
1990-1992 and improved growth in 1993 
The increment diameter record matches the growth pattern of both the somatic- and 
increment width-records. (The first year of growth is assessed separately in the next 
section because of the confounding influence of stocked versus non-stocked cohorts on 
the first year of otolith growth). Increment diameters at ages two to four over the poor 
growth period 1990-1992 were significantly smaller than in other years (Fig. 10, Table 9 
of REML output and Table 10 of REML effect sizes for each year). The above average 
growth year in 1993 was only represented by the weak 1989 cohort at age four, but 
nevertheless was substantially larger than the increment diameters of four year olds in 
previous years (Fig. 10). Although displaying the same pattern of relative growth, 
increment diameters were less useful than increment widths for they were restricted to 
the first four years of growth and appeared to lose some sensitivity as otolith growth 
becomes constrained along the dorso-ventral axis of measurement by year four (Fig. 2). 
Similar to the results for increment widths, for increment diameters the five years that 
had the greatest effect sizes over the 1982-1999 period (18 years) were 1990, 1991 (poor 
growth years) and 1982, 1985 and 1993 (good growth years). 
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Fig. 10. Mean increment diameter(± 1 S.D.) by cohort and year for ages two, three and 
four. Years are aligned according to otolith opaque-zone periodicity rather than calendar 
years. i.e. 1986 actually runs from October 1985 to the end of September 1986. 
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Table 9 .. REML model of Googong 1982-1999 natural logged increment diameters. 
Random Variance S.E. Stratum Effective Deviance Chi-sq 
Factors Component Variance d.f. change + Prob. 
Cohort 0.0079 0.0057 5.6163 3.8 112.6 <0.0001 
Year 0.0159 0.0067 0.5029 14.7 485.9 <0.0001 
Fish ID 0.0021 0.0005 0.0244 702.2 18.9 <0.0001 
#units 0.0184 1286.3 
#units - Residual variance or baseline error variation. + Deviance change between full 
model (including the random effect) and sub-model (excluding the random effect). 
Quadratic age functions were fitted as fixed effects in the models to describe the 
ontogenetic decline in otolith increment diameters (growth) with increasing age. The 
Wald Statistic for Age was 137, d.f.1, Chi-sq <0.001, and for Age2 was 16, d.f.1, Chi-sq 
<0.001. 
Table 10. Years of fish growth that are significantly different using effect sizes from the 
REML model of 1982-1998 natural logged increment diameters. 
Year Ranking Years that are significantly different (*) 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
SUM 
Effect 
# Size 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 
1 0.231 
6 -0.122 * 
11 -0.037 * 
5 0.145 * 
14 -0.016 * 
10 0.039 
8 -0.092 * * 
9 -0.043 * 
3 -0.175 * * 
2 -0.208 * * * 
16 0.014 
4 0.146 * * * * 
13 0.021 
17 0.005 
15 0.014 
7 0.100 * * 
12 -0.021 * 
8 3 1 4 1 1 3 1 4 5 0 4 0 0 0 2 1 
Mean ±2 S.E. (0.059). # - Years ranked by effect size, with Rank 1 being the largest. 
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Wild-spawned cohorts can be identified by their larger first year of growth than 
stocked cohorts 
Non-stocked fish have a significantly larger first year of growth than stocked fish. The 
Wald Statistic for the stocked/non-stocked fixed effect was 242, d.f.1, Chi-sq <0.001, 
and for fish age at capture was 56, d.f.11, Chi-sq <0.001. Effect sizes for the logged first 
increment diameter were 0 for non-stocked fish and -0.179 for stocked fish (S.E. of a 
difference 0.012). Also, contrary to the expected ontogenetic trend of increment 
diameter decline with increasing age (Lombarte and Lleonart 1993), stocked cohorts 
often had a larger second year of growth than their first year (1980, 1983, 1992, and 
1995 cohorts) (Fig. 11). The 1986 and 1989 stocked cohorts did not show this reversed 
ontogenetic trend, but their second mean increment diameter was only slightly smaller 
than their first, rather than substantially smaller as seen for the non-stocked 1985 and 
1988 cohorts (Fig. 11). 
It is unlikely that the non-stocked cohorts have a larger first year of growth due to 
having failed to recognise the first opaque zone. Firstly, this is because even if a 
'missing' year is added to the 1985 and 1988 cohorts, they still do not correspond to any 
known stockings (there were no stockings in 1984 or 1987). Secondly, ageing error is 
unlikely as the growth profiles of the non-stocked cohorts clearly match those of the 
stocked cohorts across good and bad growth years (Fig. 6 and 7). Thus, ageing error can 
be discounted as contributing to these cohorts, with the most likely explanation being 
either illegal stocking or natural recruitment. However, the explanation of natural 
recruitment is preferred over the alternative of illegal stocking due to the large size of 
the 1988 cohort (Table 3). 
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Fig. 11. Mean increment diameters for each cohort by year of formation (± lS.D.). 
Years are aligned according to otolith opaque-zone periodicity rather than calendar 
years. i.e. 1986 actually runs from October 1985 to the end of September 1986. 
Biases in the reconstruction of relative growth when scaling inferences from the 
individual to the population 
a) Small but significant sex differences in otolith and somatic growth 
For otolith growth, an individual's sex [male or female] was a small, but significant 
fixed effect when included in the REML of natural logged increment widths (Wald 
Statistic 8.03, d.f. 1, P<0.005). Males tended to have smaller increment widths than 
females (the effect size for females was 0, and for males was -0.021, with a S.E. of 
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0.007). Differences in increment width accumulated to also result in small, but 
significant, differences in otolith weight at age for different sexes (S.S. 0.07, d.f. 1, F-
ratio 17.50, p<0.0001). Males had slightly heavier otoliths pre-maturity (up to age 4) and 
females had heavier otoliths post-maturity (after age 4) (Fig. 12). In general, otolith 
weights at age were quite variable, making otolith weight a relatively poor predictor of 
fish age (Fig. 12). 
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Fig. 12. Relationship between otolith weight and age for male and female golden perch 
collected during the month of October. Female data were cropped in order to compare 
regressions over the same age range as males (2-14 years). The regression equation for 
females was: (0.050*age)-0.064, R2 = 0.72; and for males was (0.037*age)-0.002, R2 = 
0.68. 
There were also significant somatic growth differences between sexes for male and 
female golden perch from Googong reservoir. Fig.13 displays the von Bertalanffy 
growth equations and Table 11 presents the parameter estimates and their confidence 
intervals. The log likelihood statistics for both the biologically realistic complete dataset 
(X2- 15.14, d.£ 3, P<0.002) and statistically more robust cropped dataset (x2- 8.69, d.f. 3, 
P<0.03) were both significant. Nevertheless, taken together, these small but statistically 
significant differences in otolith and somatic growth are unlikely to systematically bias 
growth rate interpretations when scaling inferences from the individual to the 
population. 
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Fig. 13. Golden perch growth in Googong reservoir, separated by sex and shown with 
von Bertalanffy growth equations. The von Bertalanffy for females is indicated by a 
solid line (confidence intervals are thinner solid lines) and for males by a dashed line 
(confidence intervals are thinner dashed lines). 
Table 11. Comparison of von Bertalanffy growth parameters for golden perch Ill 
Googong reservoir by sex (from the biologically real, non-cropped dataset). 
Dataset N Loo S.E. C.I. k S.E. C.I. to S.E. C.I. 
Female 383 606 25 563-667 0.14 0.01 0.12-0.17 -0.37 0.21 -0.84 to 0.003 
Male 310 480 13 457-509 0.22 0.02 0.19-0.25 -0.26 0.15 -0.61 to 0.01 
Sexes 
combined 693 553 14 527-585 0.17 0.01 0.15-0.19 -0.35 0.14 -0.66 to -0.10 
b) No significant growth differences between stocked and non-stocked golden perch 
from age 2 onwards. 
Stocking identity [SINS - stocked, non-stocked] was non-significant when included in 
the mixed models of natural logged increment width (Wald Statistic 0.05, d.f. 1, P<0.83 
N.S.). Thus there is no source of growth bias after age one due to whether an individual 
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belongs to a stocked- or naturally-spawned cohort, and thus this factor will not be a 
complication when scaling inferences from the individual to the population. 
c) Size selective mortality effects do not bias growth interpretations. 
There was some evidence of weak growth rate bias due to selective mortality. This can 
be seen from examination of the annual growth residuals for each cohort grouped by fish 
age at capture (Fig. 14). Members of a cohort caught at younger ages (solid symbols) 
generally tended to have more positive growth residuals than those caught at older ages 
(open symbols) (Fig. 14). Thus the life history theory maxim of 'live fast, die young' 
does appear to hold true as those golden perch that survived to older ages did tend to be 
relatively slower growing in their youth than younger members of the same cohort. 
However even with the large spread of annual growth residuals, and some evidence of a 
systematic age-at-capture growth rate trend, the same relative inter-annual growth 
pattern was clearly recorded for poor growth over 1990-1992 and improved growth from 
1993 onwards (Fig. 14). Indeed fish age at capture was a non-significant fixed effect 
when included in the mixed model of natural logged increment width (Wald Statistic 12, 
d.f. 10, P<0.28 N.S.). Thus, although weak size-selectivity effects do occur in the data 
and may act to dampen the strength of the population annual growth signal, they are 
unlikely to be strong enough to preclude or bias detection of years of large growth 
deviation. i.e. For poor or good growth years, an individual of a cohort caught at old 
ages will preserve the same relative growth pattern as a much younger member of the 
same cohort caught many years previously. They may have different strength growth 
signals for any given year but the direction of the inter-annual growth pattern is likely to 
be preserved. 
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Fig. 14. Relative growth of four of the more abundant cohorts of golden perch from 
Googong reservoir, grouped by age at capture. Relative growth values for each 
measurement were calculated as LN(measured)-LN( expected) increment widths at age. 
The expected increment widths were calculated by fitting a negative exponential with a 
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lower asymptote to the increment width at age data for all Googong reservoir samples 
(Increment width= 760.9 *exp (-O.SO*Age) + 100.3). For the 1980 and 1983 cohorts only 
older fish were caught, but for the 1986 and 1988 cohorts, fish caught at younger ages 
tended to be faster growers (more positive growth values) than fish caught at older ages. 
However even though there was some variation in the strength of the growth residual 
according to age (the signal amplitude), in years of very poor (1990-1992) or very good 
growth (1993) the relative growth pattern (signal direction) was clearly preserved. 
Water level, minimum oxygen saturation and length o_f the growing season explain 
73% of the inter-annual variation in otolith growth over 1982 to 1997 
Plots of water level, temperature, dissolved oxygen and the Southern Oscillation Index, 
showed that environmental conditions were highly variable over the period 1982 to 1997 
(Fig. 15). In particular, water levels in Googong reservoir were low in 1983 and 1990-
1991 and high in 1984 and 1988-1989 (Fig. 15). The years of low water levels were 
weakly associated with El Nifio periods (sustained negative Southern Oscillation Index 
values) and years of high water levels with La Nifia periods (sustained positive Southern 
Oscillation Index values) (Fig. 15). With regards to water temperatures, summer 
maximum temperatures were coolest in the mid-eighties (1985 to 1989), and warmest in 
more recent years (1990 to 1997) and furthermore warm years tended to have lower 
minimum dissolved oxygen levels (1990, 1991, 1994) (Fig. 15). 
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Fig. 15. Variation in selected environmental parameters in Googong reservoir over the 
period 1982 to 1997. Environmental data were aligned to fish growth years to ensure 
compatibility with the otolith growth record. e.g. the fish growth year 1982 runs from 1st 
October 1981 to 30th September 1982. A) Daily water level in metres above sea-level 
(the altitude of the base of Googong's darn wall is approximately 630rn). B) Daily 
temperature readings sourced from six water-quality monitoring stations throughout the 
reservoir and readings integrated over the depth range 0.3-5rn. (Several readings were 
generally taken each month, although there was some seasonal variation in sampling 
effort with summer months being more frequently sampled than winter months). C) 
Dissolved oxygen levels (rng/l) sourced from six water-quality monitoring stations 
throughout the reservoir and integrated over the depth range 0.3-5rn. D) Monthly 
Southern Oscillation Index values obtained from the Australian Bureau of 
Meteorology's website archive. Sustained negative values represent El Nifio periods 
(associated with an increased probability of dry conditions) and sustained positive values 
represent La Nifia periods (associated with an increased probability of wet conditions). 
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The environmental parameters water level, minimum percent oxygen saturation and 
Southern Oscillation Index were then analysed with PCA to summarise the main axes of 
variation (Table 12) before inclusion as fixed effects into the REML model of otolith 
growth (natural logged increment widths) (Table 13). A combination of water level 
(PC 1 ), minimum percent oxygen saturation (PC2) and the number of degree-days 
exceeding 20°C explained 73.4% of the inter-annual variation in otolith growth (Table 
13). Therefore years of poor golden perch growth (e.g. 1983, 1990-1991) were 
associated with low water levels (high loadings on PCl) and low oxygen saturations 
(high loadings on PC2) and the converse applied to years of good growth (e.g. 1994-
1997). Years with shorter growing seasons (fewer cumulative degree-days >20°C, e.g. 
1990-1992) were also associated with poor golden perch growth, although in these 
analyses, growing season did not explain as much variation in otolith growth as the 
water level and minimum oxygen saturation factors (Table 13). The number of degree-
days >20°C was only marginally significant in the three-factor model, and if excluded, 
water level and minimum oxygen saturation still accounted for 67.7% of the inter-annual 
variation in otolith growth (Table 13, Fig. 16). The SOI measures (PCl and PC2) were 
both non-significant in accounting for variation in otolith growth, demonstrating that 
there was no simple correlation between this regional atmospheric climate measure and 
fish/otolith growth (Table 13). 
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Table 12. Environmental parameters used to test for significant correlations with golden 
perch otolith growth in Googong reservoir over 1982 to 1997. 
Growing season Water % Min. Oxygen Southern 
length* Level Saturation* Oscillation Index 
No. degree days PCl PC2 PCl PC2 PCl PC2 
Year >20°C (66.8%) (22.2%) (38.2%) (32.8%) (54.3%) (13.1%) 
1982 128 0.03 0.29 0.34 0.09 0.41 -0.17 
1983 121 0.51 0.10 0.46 0.07 -0.57 0.05 
1984 105 0.01 0.00 0.15 0.20 0.02 0.18 
1985 74 0.20 0.16 0.13 0.17 -0.02 0.04 
1986 112 0.20 0.54 0.07 0.23 0.03 -0.35 
1987 88 0.11 0.11 0.14 0.34 0.13 0.28 
1988 98 0.13 -0.01 0.41 0.20 -0.28 0.25 
1989 94 0.02 0.01 -0.03 0.33 0.13 -0.32 
1990 90 0.41 0.29 -0.19 0.45 -0.11 -0.32 
1991 90 0.62 -0.62 -0.17 0.36 0.20 0.12 
1992 74 0.02 -0.22 -0.01 0.37 -0.25 0.38 
1993 74 0.25 0.21 0.07 0.04 0.05 0.19 
1994 121 0.03 -0.03 -0.35 0.07 0.25 0.16 
1995 112 0.05 -0.01 -0.18 0.32 -0.10 0.24 
1996 121 0.03 0.01 -0.30 0.14 -0.08 -0.17 
1997 121 0.11 0.07 -0.36 -0.07 0.44 0.40 
* - Raw data sourced from six water-quality monitoring stations throughout the reservoir 
and integrated over the depth range 0.3-5m. 
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Table 13. Testing for significantly correlated environmental parameters in the REML 
model of Googong 1982-1997 otolith growth (natural logged increment widths). 
Model Wald Chi-sq Prob. 'Year' stratum % 'Year' s.v. decreased 
Statistic variance (s.v.) from base model 
Base model* 2.097 
WLl+ 18.57 0.001 0.558 73.4 
OS2+ 26.12 0.001 
DD 3.94 0.047 
WLl+ 15.21 0.001 0.678 67.7 
OS2 21.43 0.001 
OS2+ 20.26 0.001 0.882 57.9 
DD 3.52 0.061(N.S.) 
WLl+ 9.55 0.002 1.076 48.7 
DD 8.76 0.003 
OS2 17.14 0.001 1.040 50.4 
WLl 6.18 0.013 1.587 24.3 
DD 9.02 0.003 1.423 32.1 
WL2 0.67 0.414(N.S.) 
OSI 0.18 0.671(N.S.) 
SOil 1.68 0.195(N.S.) 
SOI2 0.22 0.638(N.S.) 
* Base model: Response variate - natural logged increment widths with a sample size of 
3845 measurements. Fixed effects - Age+ Age2 + Age3 (polynomial functions to fit the 
onto genetic decline in increment width with increasing age), random effects - Fish_ ID + 
Year+ Cohort. WLl - Water level PCl, WL2 - Water level PC2, OSI - minimum 
percent oxygen saturation PCl, OS2 - minimum percent oxygen saturation PC2, DD -
number of degree-days exceeding >20°C, SOil - Southern Oscillation Index PCl, SOI2 
- Southern Oscillation Index PC2. 
91 
5.6 
..c 
..... ;: 
5.4 0 L. 
O> 
..c 
:!:: 
0 
..... 
0 
c: 5.2 ra 
Q.) 
E 
"O 
Q.) 
..... 
u 
:0 5 Q.) 
L. 
0.. 
Chapter 3 - Otoliths as barometers of local climate 
, 
. , 
, 
, 
, 
. : 
'e,I 
0 
O> 
.!:: 
"O 
ra 
..Q 
0.2 'C 
Q.) 
c: 
0 
a. 
E 
0 
0 
0.4 (ii 
.8-
0.6 
0 
c 
·;:: 
0.. 
4.8 +-~~~~~~..--~~~~.----.-~~~.,----.-~~~~~~-.-~~--+ 
1981 1986 1991 1996 
Year 
--m- Predicted mean otolith growth 
-~-Water Level (PC1) 
---G--· Minimum% oxygen saturation(PC2) 
Fig. 16. Golden perch relative otolith growth over 1982 to 1997 and the relationship 
with local environmental conditions. Otolith growth values are the predicted means from 
the REML model of natural logged increment widths (solid squares) and are plotted on 
the first y-axis. Annual PCA loadings of Water level (PCl) (open diamonds) and 
minimum percent oxygen saturation (PC2) (open circles) are plotted on the second y-
axis. 
Discussion 
Underlying assumptions 
Before discussing the results of this study, it is essential to consider several underlying 
assumptions that were made. These include that individuals were resident in Googong 
reservoir throughout their lives, that otoliths were sensitive chronometers of relative 
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growth and that autocorrelation effects were not strong enough to preclude the detection 
of direct growth-environment linkages. 
The first assumption of resident fish, means that the growth and recruitment patterns 
described in this study are assumed to solely relate to the environmental conditions 
encountered in Googong reservoir and no other location. Fortunately, this assumption 
can be upheld for Goo gong golden perch due to the presence of natural and man-made 
barriers to dispersal both immediately upstream and downstream of the reservoir. Fish 
populations in Goo gong reservoir were isolated from downstream sources of recruits as 
the spillway is 66.5m high with no fishway to allow upstream passage. Fish resident in 
Googong reservoir were also unable to move upstream into the Queanbeyan River. This 
is because the upstream limit of the impounded waters is an impassable waterfall 
(Curleys Falls) consisting of a series of 1-3m drops through a small rocky gorge 
(Lintermans 2002). Further, a second waterfall and natural barrier to upstream dispersal 
occurs approximately 15km further upstream from Curleys falls. There is also no 
potential upstream source of recruits that could have moved into Googong reservoir as 
golden perch have never been found upstream in the Queanbeyan River despite 
extensive sampling (Mark Lintermans pers. comm.). Other tributaries that directly enter 
Googong reservoir (Burra Ck, Shannons Ck, Bradleys Ck) are also too small to support 
golden perch populations (Mark Lintermans pers. comm.). 
The second assumption that otoliths make good chronometers is also upheld. Ageing 
accuracy and measurement precision were considered in detail and satisfied in Chapter 
2. The results of this study also add further weight to Chapter 2's evidence that relative 
otolith growth patterns accurately and sensitively reflect somatic growth patterns for the 
full range of golden perch sizes and ages. Figures 6 and 7 clearly demonstrated that in 
years of depressed somatic growth (cohort mean lengths and weights), the relative 
otolith growth was reduced, and the converse situation was true for good somatic growth 
years. Figures 6 and 7 also demonstrated synchronous inter-annual growth variations 
among individuals within a population, with synchronicity being an essential 
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prerequisite for the detection of the influence of large-scale extrinsic factors (LeBreton 
and Beamish 2000a). 
The third assumption made was that of minimal autocorrelation, as serial correlations in 
fish growth and environment data are known to complicate statistical inferences (Pyper 
and Peterman 1998). Serial growth observations are not independent of each other, and 
thus are difficult to statistically relate to any other time series of variables (Stevenson 
and Campana 1992, Pepin et al. 2001). Variograms and Durbon-Watson statistics were 
used in this study to identify a weak lag-1 autocorrelation in the otolith data, whereby 
otolith growth in any given year was affected, to a small extent, by growth in the 
previous year. The importance of cumulative and long-lasting environmental effects are 
not disputed by this study (e.g. see Puckridge et al. 2000, Sheldon et al. 2000, Douglas et 
al.2003), but over the period 1982-1999, autocorrelation in the otolith record was not of 
sufficient magnitude to disrupt the statistical detection of direct growth-environment 
linkages. 
Value of otoliths increment widths for constructing growth chronologies 
Not only are a diversity of biological hard-parts available with which to construct 
growth chronologies, but there are a diversity of different measurement axes that can be 
chosen (Secor and Dean 1992). This study demonstrated that inter-annual growth 
patterns were preserved in multiple otolith dimensions, with both proximal widths, and 
dorso-ventral diameters recording the same characteristic sequence of growth years 
(poor growth over the period 1990-1992, followed by a return to good growth conditions 
in 1993). However, even though the same inter-annual growth patterns were recorded, 
increment widths produced stronger individual chronologies than increment diameters 
because virtually all years of growth could be measured (longer and with greater sample 
sizes). The choice of increment diameters has proved popular in published studies (e.g. 
Boehlert et al. 1989, Anderson et al. 1992a,b, MacLellan and Saunders 1995, Trippel at 
al. 1995), but diameters are typically restricted to only the first few years of immature 
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fish growth. For the study of Boehlert et al. (1989), this meant that growth information 
was only extracted from the first six years of each fish's life, yet as the study species 
Sebastes are long-lived, this meant that up to eighty years of potentially useful growth 
information went unmeasured. Furthermore, focusing entirely on juvenile fish is likely 
to emphasise the importance of density-dependent factors relative to climate factors as 
the growth of juveniles is more likely to be strongly affected by density-dependence than 
mature fish (Ware 1980, Cowan et al. 2000). This may explain why Boehlert et al. 
(1989) only found significant density-dependent effects and not any 
environment/climate correlations with the inter-annual growth variation in Sebastes. 
This study recommends the use of otolith increment widths over increment diameters for 
the future development of chronologies. This is because increment widths make use of 
virtually all growth increments (except for the first year of growth), as there is generally 
no restriction in otolith thickening along the proximal axis (Anderson et al. 1992a). The 
major obstacle to the use of increment widths has previously been that the axis of otolith 
growth often changes with age, making a simple straight-line measurement transect 
impossible (Anderson et al. 1992b, Jones 1992, Panfili and Ximenes 1992, Stevenson 
and Campana 1992). However, this difficulty was overcome with the development of a 
Biochronology measurement macro that specifically accounted for the changing growth 
axis with geometrical corrections (Chapter 2). 
However, there is the potential that the narrower increment widths of old fish may not be 
as sensitive in recording growth fluctuations as the wider increments of young fish (e.g. 
recorded by Cook and Kariukstis 1990 for trees). In the case of golden perch, this study 
established that even 12year old golden perch display the same relative inter-annual 
growth patterns in their increment widths as the much younger 3 and 4 year old fish. 
Otolith increment widths from old fish as well as younger (but still mature) fish are 
therefore of value for creating growth chronologies. This said, there are some important 
differences between the growth records extracted from young and old fish that will be 
discussed in the next section. 
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Bias when scaling results from the individual to the population 
Biases encountered when scaling results from individual growth chronologies to the 
population average have been well characterised for trees in the field of 
dendrochronology (e.g. see Fritts 1976, Cook and Kariukstis 1990), but perhaps less so 
for fish in biochronology studies. Source of bias that can affect the quality of the final 
mean chronology include: low sample size, a predominance of young or old fish, 
selective mortality and sex differences in growth. 
Sample size used to construct the mean growth estimate 
Firstly, adequate sample sizes are critical for developing a robust chronology, because 
the chronology will tend to stabilise as sample size increases (reduced variance) (Cook 
and Kairiukstis 1990). This means that the tail portion of the mean chronology, which 
typically suffers from low sample size, should either be interpreted with caution (Pereira 
et al. 1995), or deleted to avoid spurious conclusions about past environmental 
conditions (Schulman 1956). Millner and Whiting (1996) suggests that at least twenty 
otolith samples per year should be measured to produce relatively stable annual growth 
estimates. For this study, 697 otoliths were measured and all years from 1982 to 1999 
had sample sizes of at least 30 fish (ranging up to N=590 in the mid-portion of the 
chronology). Thus, low sample size is unlikely to be an issue for this study. Further, the 
sample sizes used here compare favourably to other biochronology studies, such as 
Pereira et al. (1995) who only measured 39 freshwater drum otoliths, Aplodinotus 
grunniens, to create their l lOyear chronology of growth in the Red Lakes, Minnesota. 
Age of fish used to construct the mean growth estimate 
In any given year, the influence of a predominance of young or old fish for 
reconstructing the mean growth estimate did not preclude the detection of strong year 
effects. Fish captured at young ages tended to be faster growers, and fish captured at 
older ages tended to be slower growers at previous ages (Fig. 14). However, fish of all 
96 
Chapter 3 - Otoliths as barometers of local climate 
ages displayed the same direction of growth change across years, it was only the 
amplitude of the growth deviation that was influenced by fish age (Fig. 7). 
Nevertheless, the mean chronology was likely affected to some extent by the growth 
records of old fish in the early (1982-1984) and mid-portions (1985-1989). Due to the 
influence of slower-growing older fish, the mid-portion of the mean chronology should 
be considered to potentially underestimate average fish growth (Fig. 9). In contrast, the 
early portion of the mean chronology is only composed of the juvenile years of growth 
from old fish. These years are more likely to be affected by size-selective mortality 
effects on slow growers, resulting in overestimates of mean growth as will be discussed 
in the following section. 
Fast growing young fish are not likely to have the biased growth rate estimates in the 
mean chronology as all fish less than four years of age were deleted from the dataset (an 
approach used by Leaman 1991). Golden perch less than four were not included as they 
were not fully recruited to the fishing gear at this age, and therefore were considered 
likely to lead to Lee's phenomenon (Lee 1912, Ricker 1969). Removing the fast growing 
young fish before analysis, means that the good growth rates observed in the recent 
portion of the 1982-1999 growth chronology (from 1993 onwards, Fig. 9) are likely to 
represent real changes in the average growth of the population and not artefacts due to 
Lee's phenomenon. 
Selective mortality effects on the mean growth estimate 
It is suggested that selective mortality will not systematically bias the mean growth 
chronology if a range of different age classes are used to reconstruct growth, which was 
the case in this study for all but the first three years of the 1982-1999 period (note the 
extent of overlap between cohorts in Fig. 7). The influence of selective mortality is 
currently a very active research field in fisheries science (e.g. see Ricker 1969, Sogard 
1997, Quinn and Buck 2001, Sinclair et al. 2002, Taborsky et al. 2003). Selective 
mortality can have quite variable and even opposite effects for reconstructed growth rate 
97 
Chapter 3 - Otoliths as barometers of local climate 
estimates depending on whether mortality is primarily age-selective, size-selective or 
stage-selective. For instance~ in the case of young fish where slower growers are 
selectively culled because of longer exposure to predation (Grimes and Isley 1996), 
growth rates are typically overestimated. In contrast, when faster growers are selectively 
culled due to size-selective predation for larger size-classes (Gleason and Bengtson 
1996), growth rates are typically underestimated. Furthermore, the direction and strength 
of selective mortality can vary according to year effects, complicating the reconstruction 
of the magnitude of growth rate estimates even further (Good et al. 2001). 
For golden perch, which are near the top of the food-chain and less vulnerable to 
predation once they have achieved a critical size, it is likely that selective culling of 
slower growers will be the predominant mortality mechanism during the juvenile phase. 
However, as this study focused on mature, or close-to-mature fish ( 4 years and older), it 
is likely that the majority of size-selective mortality would already have occurred. Thus, 
examining the survivors of selective mortality is assumed not to substantially influence 
the adult inter-annual fluctuations in growth across the majority of the mean growth 
chronology. The exception to this is suggested to be the early portion of the mean 
chronology. If size-selective mortality for slow growing fish during the juvenile period 
has occurred, then it is suggested that this could over-estimate growth rates in early 
years of the chronology (1982-1985) as only juvenile years of growth from old fish are 
represented. Thus, although fish that survive to older ages may be relatively slow 
growers compared to other members of their cohort caught at younger ages, they may 
nevertheless retain a selective-mortality signal in their early years for relatively fast 
growth. This may explain why in 1983, when environmental conditions were stressful 
during an extreme El Ni:fio phase of ENSO, that the reconstructed growth value was 
slightly above average, rather than the expected greatly below average. 
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Sex of fish used to construct the mean growth estimate 
Significant sex differences in otolith and somatic growth were recorded (Fig. 12 and 13), 
but their influence on the mean growth chronology was very minor. Males tended to 
have smaller otolith increment widths, lower otolith weights, and smaller lengths-at-age 
than females post-maturity, but both sexes nevertheless showed the same relative 
changes in growth across years. Sex differences are only likely to introduce bias into 
mean growth chronology interpretations if particular years are dominated by males 
(slight growth underestimate) or females (slight growth overestimate). Only the early 
years of the mean Googong reservoir chronology were sex-biased, being composed only 
of old female fish, and therefore likely to slightly overestimate mean population growth 
over 1982 to 1984. 
Combining all these described sources of bias, it is concluded that they are unlikely to 
have prevented the correct identification of growth years that strongly deviated from 
average in the mean chronology produced by this study (Fig. 9). There may be some 
reduction in the magnitude of the mean growth response for any given year due to 
'smearing' or differential sensitivities of the different age-classes or sexes used (i.e. the 
amplitude of the chronology becomes more variable), but the relative growth pattern 
across years is likely to remain robust (i.e. the direction of the chronology is faithfully 
maintained). Nevertheless, it is recommended that large sample sizes (>20 fish per year), 
a range of age-classes and a mix of both sexes be used whenever extracting growth 
information from otoliths in order to obtain robust mean chronology values for the 
population. 
Golden perch growth is strongly linked to environmental conditions 
Googong reservoir is perhaps one of the more appropriate locations to have studied the 
growth-climate dynamics of golden perch, given that this reservoir is at the upper-
altitudinal and lower thermal limit of this species' distribution. Targeting species at their 
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climatic distribution extremes is a common approach in dendrochronology studies, 
because climate signals are strongest and have greatest effect on the variability of 
increment widths in these regions (Cook and Kairiukstis 1990). In contrast, regions with 
optimal growth are more likely to be influenced by non-climatic factors such as 
competition and disease (Cook and Kairiukstis 1990). Golden perch tolerate between 4 
and 35°C, although the optimal temperature range for growth lies between 20 and 30°C 
(Merrick and Schmida 1984). They are also commonly distributed throughout the 
Murray-Darling rivers of southeast Australia, except at altitudes exceeding 600m (Musyl 
and Keenan 1992). This places Googong reservoir at the upper altitudinal and lower 
thermal limit of the biogeographical range for golden perch, given that its altitude is 
660m and surface water temperatures drop as low as 6.6°C in winter (Fig. 15). Growing 
seasons are relatively short and it was expected that the growth rates of golden perch 
would be significantly restricted by the low thermal budget and productivity of the 
system. 
Three environmental parameters were correlated with inter-annual variability in the 
mean growth chronology: water level, minimum oxygen saturation and the length of the 
growing season (cumulative number of degree days >20°C) (Table 13, Fig. 16). Not 
surprisingly, low water levels, low oxygen saturations and short growing seasons all 
resulted in poor fish growth, especially over the period 1990 to 1992, and the converse 
applied for years of good growth such as from 1993 onwards. Temperature is associated 
with widespread changes in the aquatic environment, influencing fish growth directly 
through physiological and bioenergetic effects (Jobling 1996), the length of the growing 
season (Jellyman 1997) and indirectly through food availability via variation in the 
productivity of the system (Cox and Hinch 1997). Water levels reflect variation in 
discharge, which has a strong controlling influence on fish growth in freshwater 
environments through food and habitat availability as well as through changes in water 
quality (e.g. Guyette and Rabeni 1995, Nunn et al. 2003). (It should be noted that 
although Googong is a reservoir for urban purposes and therefore its water level is to 
some extent regulated, its level mostly reflects natural fluctuations and inflows. This is 
because Googong reservoir is principally used as a backup water supply for Canberra to 
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cover mid-summer periods of high water demand, and therefore for the majority of each 
year its water level is not artificially manipulated). Low dissolved oxygen levels also 
significantly influenced fish growth, likely through the mechanisms of low levels 
decreasing food consumption and activity-levels (Chabot and Dutil 1999). In Googong 
reservoir there have been records of low hypolimnetic oxygen levels causing stress to 
trout (Salmo trutta) in February-May 1982 (ACT Department of Housing and 
Construction 1984), and low oxygen levels were implicated in the trout-kills of 1991 
(Mark Lintermans, Environment ACT, pers. comm.). Thus, it appears that golden perch 
also exhibited stress (reduced growth) in the years when low dissolved oxygen levels 
impacted trout populations. 
Although local environment conditions were significantly correlated with relative fish 
growth, the Southern Oscillation Index (SOI) was not, even though extreme phases of 
the ENSO phenomenon are known to have a clear influence on the temperature, 
precipitation and discharge of Australian rivers (Allan 1985, Simpson et al. 1993, 
Puckridge et al. 2000, Roshier et al. 2001). Perhaps the lack of direct correlation in this 
study is because correlations between discharge and values of the SOI are not simple 
and are often lagged (Puckridge et al. 2000). Although autocorrelation in the otolith data 
was assessed in this study, lagged effects in environmental parameters were not. Some, 
but not all, of the good growth years with high water levels were associated with 
increased rainfall and La Nifia phases of ENSO (positive SOI values, e.g. 1988 and 
1989), and the converse for some of the poor growth years of low water levels during the 
El Nifio phase of ENSO (negative SOI values, e.g. 1991-1992). A number of studies 
have reported El Nifio declines in otolith increment widths (e.g. MacLellan and 
Saunders 1995, Woodbury 1999), through the suggested mechanisms of disruption to 
food webs (e.g. productivity and prey availability, Tanasichuk 1999) or community 
assemblage changes (e.g. Vera and Sanchez 1997, Swales et al. 1999, Sanchez-Velaso et 
al. 2000). Although this study did not find a simple correlation between fish growth and 
SOI, it is likely that ENSO droughts and floods remain major stochastic forces that 
affect freshwater fish communities (Mol et al. 2000), especially given the extreme 
hydrological variability encountered in Australian rivers (Puckridge et al. 1998). 
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Finally, it is suggested that there may be a second climate phenomenon, in addition to 
ENSO, that affected the relative growth of golden perch in Googong reservoir, the 
Pinatubo volcanic eruption in the Philippines. The June 1991 eruption had worldwide 
aerosol-induced cooling effects on temperature (Kaustuv et al. 2001), with the global 
mean air temperatures being reduced by up to 0.5°C (Parker et al. 1996), and whose 
effects persisted until at least early 1993 (Gagan and Chivas 1995). The Pinatubo 
cooling signal has been recorded in coral colonies from Ningaloo Reef, Western 
Australia (Kuhnert et al. 2000) and in the growth of the Ontario smallmouth bass, 
Micropterus dolomieui, in Lake Opeongo, Ontario (King et al. 1999). Here it suggested 
that the cooling may also be recorded in the otolith growth of golden perch in Googong 
reservoir, NSW. The volcanic cooling effect can be seen in the environmental data in the 
form of the short growing seasons of both 1992 and 1993. The cumulative number of 
degree-days exceeding 20°C were only 74 days in both 1992 and 1993 (Table 12), 
compared to the average of 101 days over the 1982-1997 period. Of the two affected 
years, the growth year 1992 is likely to be the year that was most strongly influenced by 
the Pinatubo effect, given that the 1992 fish growth year extends from 1st October 1991 
to 30th September 1992. This volcanic cooling event may therefore help explain why fish 
growth was so poor in 1992 (Fig. 16), potentially through reduced food availability and 
slowed bioenergetic processes in a year which did have a low oxygen saturation event, 
but where reservoir water levels remained high. 
The likely role of density-dependent factors in explaining inter-annual variation in 
adult golden perch growth 
Density-dependent growth has been demonstrated for many fishes (e.g. Shepherd and 
Grimes 1983, Ross and Almeida 1986, Forrester 1995, Hixon and Carr 1997, 
Grenouillet et al. 2001) and few would argue that density-dependent growth is not an 
important characteristic of all fish populations. However, this study was not able to 
assess the true influence of density dependent factors on golden perch growth, 
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principally due to a lack of adequate data on golden perch biomass and density through 
time as well as a focus on adult rather than juvenile fish. The limited annual sampling 
effort and switch from annual to biannual sampling prevented the analysis of catch 
abundance data (graphical exploration of the catch abundance of golden perch and the 
mean growth chronology revealed no clear evidence of correlation, data not presented 
here). Furthermore, this study focused only on the growth variability of adult fish 
(>4years) whereas density dependent factors are considered of greatest influence of 
growth and recruitment in the larval and juvenile phases (Ware 1980, Cowan et al. 
2000), although their influence has been reported in the recruited adult phase as well 
(Lorenzen and Enberg 2002). Nevertheless, the strength of the synchronous patterns of 
growth across both young and old fish and the clear direct links with key abiotic factors, 
makes it highly likely that extrinsic environment and climate factors were the principal 
drivers of fish growth variation over 1982-1999, not density-dependence. 
Evidence for sporadic natural recruitment 
Stocked dam populations of many Australian native fish species are generally 
considered unlikely to be self-maintaining (Burchmore & Battaglene 1986), however 
there have been few detailed follow-up studies to empirically assess stocking results. 
This is not the case for the ACT region, where regular sampling occurs after stocking 
and where wild spawned cohorts of golden perch have been recorded in Lake Burley 
Griffin in the urban centre of Canberra (Lintermans 1995a,b, 1996, 1997). For Googong 
reservoir, Anderson et al. (1992a) found the reservoir to have a mixed population of both 
stocked and 'other sourced' golden perch as five of the twenty-nine fish aged did not 
match the known stocking history. These authors suggested illegal stocking or ageing 
error as the most likely reasons for the small numbers of non-stocked fish rather than 
natural recruitment. The source of these non-stocked fish were assessed in this study 
through the use of growth chronologies. Years with characteristic growth patterns can 
act as natural tags or pointer years (Williams and Bedford 1974, Thomas 1983, 
MacLellan and Saunders 1995) and used to check the alignment of each fish's growth 
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record (e.g. see Ogle et al.1994 for a successful demonstration). There were two 
unexpected cohorts (1985 and 1988) in the Googong reservoir population, and their 
growth profiles were synchronous with those of stocked cohorts (Fig, 7). This lends 
credence to the interpretation that these fish have been accurately aged, leaving two 
potential explanations for the source of these cohorts - illegal stocking and natural 
recruitment. 
The explanation of natural recruitment is preferred over the alternative of several illegal 
stockings due to the relatively large sizes of the 1985 and 1988 cohorts (46 and 235 fish 
respectively, Table 3). Any illegal stocking event would have had to be of large 
magnitude to get the strong recruitment response of the 1988 cohort, and it is 
exceedingly unlikely that thousands of fingerlings would have been privately obtained 
and stocked into an already well-stocked public reservoir. Further, the first year of 
growth of these unexpected cohorts was significantly larger than that of stocked cohorts 
(Fig. 11 ), likely due to a longer growing season in the first year of life following 
spring/early summer spawning events. In comparison, golden perch fingerlings are 
typically stocked into Googong reservoir in March, leaving little time to acclimatise to 
wild living and achieve positive growth before temperatures cool rapidly with the onset 
of winter. Larger first years of growth therefore point towards natural recruitment rather 
than illegal stocking events, where fingerling availability would also constrain any 
unofficial stockings to late in the growing season, thereby also resulting in smaller 
expected first years of growth. 
Given that this study concludes that the 1985 and 1988 cohorts (and potentially the weak 
1993 cohort) represent natural recruitment events, it is important to consider the 
conditions in these years that could have supported the spawning and survival of 
juveniles. It is hoped that such information may be of use to improve the status of golden 
perch in the southern rivers of the Murray-Darling Basin. Although still relatively 
common, years of episodic and poor recruitment in the regulated rivers of Victoria have 
resulted in dramatic declines in numbers (e.g. see Reynolds 1976, Cadwallader 1978), 
and golden perch are now listed as Vulnerable under the Victorian Flora and Fauna 
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Guarantee Act 1988. The rivers of the Murray-Darling Basin are highly regulated and 
the resultant ecological changes have been considered a major long-term threat to the 
persistence of many aquatic organisms (e.g. see review by Walker 1985), but there is 
hope that the management of these rivers can be manipulated to improve conditions for 
native fish (Murray-Darling Basin Commission 2004). An appreciation of the 
environmental factors that could be changed to improve fish growth, condition and 
recruitment will therefore be a useful first step. 
Water levels and temperatures at depth were plotted from 1980 to 1995 and years of 
natural recruitment and stocking were highlighted (Fig. 17). (The environmental data 
were only plotted up to 1995 given the gear selectivity effects of the gillnets used. The 
last sampling in 1999 would only have effectively detected golden perch four years and 
older, which therefore restricts the window of resolution into recruitment patterns to 
1995). It is hard to identify specific factors unique to the fish growth years 1986, 1989 
and 1994 (corresponding to birth years 1985, 1988 and 1993, see Fig.17 footnotes for 
explanation), but there were some common general patterns. In 1986, a weak La Nina 
year, there were several small flow events early in the growth year, followed by a steady 
drawdown, but not to low water levels. In 1989, a strong La Nina year, there were a 
number of large flow events early in the growth year (variable water levels), a sharp 
drawdown but not to low water levels in summer, followed by more flow events in late 
summer/autumn. In this year, water temperatures in the mid-water depths (11-15m) were 
also warmer than the majority of other years (Fig. 17). In 1994, a medium El Nino year, 
small flows were received early in the growth year and the lake only experienced a small 
drop in water level during summer followed by a small autumn flow. From this it is 
tentatively suggested that variable water levels early in spring/summer, the rate and 
duration of lake-level drawdown, and the temperature stratification of the lake may be 
important for successful golden perch spawning and recruitment. 
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Fig. 17. Graphs of water level and water temperatures (by depth) in Googong reservoir. 
Birth years when golden perch did not correspond wi~ known stockings are highlighted 
as grey bars, as well as years of golden perch stocking (asterisks). Note that a birth year 
(cohort designation) is coded one year less than a fish growth year. i.e. a fish spawned in 
say December 1988, will have a birth year of 1988 in order to represent the summer of 
1988/1989, whereas the fish growth year will be 1989 (which runs from 1st October 
1988 to 30th September 1989). 
Flow pulses or floods in spring and early summer, when temperatures and daylength are 
increasing, are known stimuli for golden perch to undertake upstream spawning 
migrations of up to 2,300km (Lake 1967b, Mackay 1973, Reynolds 1983, Mallen-
Cooper and Stuart 2003). However, movements by golden perch resident in Googong 
reservoir are restricted to the confines of the reservoir boundary by the downstream dam 
wall and impassable upstream waterfall. However, adults may be able to move short 
distances up several smaller feeder creeks in order to spawn (e.g. Burra Creek and 
Bradleys Creek, Mark Lintermans, Environment ACT, pers. comm.). It is speculated that 
creek habitats may provide better rearing habitats for larval and small juvenile golden 
perch than the reservoir itself. Shallower and more structurally complex habitats are 
likely to decrease predation risks, and warmer temperatures in the smaller bodies of 
water are presumed to be advantageous for fostering faster growth (assumed to increase 
relative survival as reviewed by Sogard 1997). Small warm creek habitats may also have 
greater food densities and relative productivities for their size given the warmer 
temperatures compared to the cool thermal regime of the 30m deep reservoir. A number 
of flows throughout the spring may serve to keep these small creeks connected to the 
reservoir and permit golden perch juveniles to move in and out of these suggested 
thermal- and predator-refuges. However, this needs further study to determine if these 
creeks are indeed utilised by golden perch juveniles and under what conditions. 
Changed thermal stratification patterns within the reservoir may also influence juvenile 
growth and survival through the mechanisms of increased surface water productivity and 
food availability (King et al. 1999). Years with warmer air temperatures produce an 
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earlier onset of stratification, a warmer epilirnnion, a larger thermal gradient, and a 
shallower thermocline, which will likely result in improved fish growth and recruitment 
as recorded in 1989. 
Fast rates of drawdown to low depths are suggested to increase juvenile mortality 
through the mechanisms of increased exposure to predation (via concentration and loss 
of habitat complexity), and reduction in food (microhabitat complexity is reduced to just 
bare banks). In contrast in years of fluctuating water levels, which don't drop to low 
levels, inundation of dry habitats and vegetation will result in a number of productivity 
pulses which are likely to result in increased food availability and habitat complexity, 
increasing the relative survival of juveniles. 
Figure 17 can also be used to identify possible environmental factors associated with the 
poor recruitment of the 1989 stocked cohort (fish growth year 1990). Several potential 
explanations were identified. Firstly, fewer fingerlings were stocked this year compared 
to all other years of stocking (15,000 versus the average of 64,000 for other years, Table 
1 ). Secondly, there is likely to have been strong density-dependent competition and 
predation from 1 + juveniles of the 1988 wild-spawned cohort, and thirdly the stressful 
environmental conditions over the 1990 to 1992 period would have greatly increased 
fingerling and juvenile mortalities (low water levels, low dissolved oxygen events, and 
short growing seasons). Potentially this information can be applied to determine whether 
future stockings should go ahead, following an assessment of whether environmental 
conditions are likely to be suitable or unsuitable for successful juvenile recruitment. 
It should be noted that there could have been some natural recruitment in the years of 
stocking but evidence for mixed spawning signals was not tested in this study. Wild-
spawned fish generally have larger first years of growth than stocked golden perch, but 
there is much variability around the mean values, especially when there are also strong 
year effects. This variability decreases the predictive power of just using the diameter of 
the first otolith increment to categorise an individual as either stocked or wild-spawned. 
Techniques with greater accuracy in discriminating the source of individuals, such as 
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otolith microchemistry studies, appear to show more promise (see review by Campana 
and Thorrold 2001). For example, it is quite likely that stocked fish will have a particular 
combination of trace elements and stable isotopes that form a unique hatchery 
fingerprint. If this proves to be the case, microchemistry techniques would provide a 
more accurate method than measuring the size of the first year of otolith growth, to 
determine the relative frequency and success of natural spawning in Goo gong reservoir. 
From the measurement results to date though, the golden perch population in Googong 
appear to be principally maintained by regular stockings with conditions suitable for 
opportunistic wild spawning and recruitment only occurring episodically. 
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Abstract 
This chapter presents evidence for spatial synchrony in the growth dynamics of golden 
perch across the rivers of south-eastern Australia. 1,240 golden perch otoliths were 
measured from seven populations that were isolated from one another by barriers to 
dispersal (dams and weirs). Five populations were clustered around the Australian 
Capital Territory (ACT) and two populations were located hundreds of river kilometres 
downstream in New South Wales (NSW). A 29 year growth chronology was developed 
from 1972 to 2000 that was highly correlated with the average annual values of the 
Southern Oscillation Index (SOI) over 1972-1992 but not over the last eight years 1993-
2000 (correlations of 0.59 and -0.62 respectively). In the synchronised portion of the 
chronology (1972-1992), intense El Nifio events, such as the extreme drought of 1982-
83, reduced golden perch growth across all seven populations. Equally, wetter than 
average conditions associated with La Nifia events such as 1989, resulted in widespread 
good growth. The loss of synchrony between populations in the ACT region and the SOI 
after 1993 is suggested to be due to the influence of desynchronising local conditions in 
the region. Early El Nifio events over 1972-1992 were associated with low water levels, 
and poor growth, hut later El Nifio events over 1993-2000 were characterised by high 
water levels, higher maximum temperatures and good growth (at least for reservoirs in 
the ACT region). This highlights that rather than there being a predictable relationship 
between fish growth and the SOI through time, populations can drift in and out of 
synchrony dependent upon the relative combination, strength and evenness of sub-
components of Moran climate disturbances (e.g. the balance between discharge and 
temperature anomalies during El Nifio and La Nifia phases). This result of regional 
growth synchrony that fluctuates in strength through time also emphasises the value of 
long-term datasets for detecting changing relationships between population dynamics 
and climate factors. 
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Introduction 
All natural populations vary through space and time, and since the early days of animal 
ecology, the challenges of identifying general mechanisms behind these fluctuations 
have fascinated biologists. Charles Elton was the first to describe patterns of cyclical 
abundance of Arctic lemming (Dicrostonyx groenlandicus) as well as noting that regular 
fluctuations of Canada lynx (Lynx canadensis) and snowshoe hare (Lepus americanus) 
were synchronized over large distances (Elton 1924). Much theoretical and experimental 
work has since focused on animal cycles (Royama 1992), but recent years have seen a 
shift in emphasis towards better characterisation of the spatial component of 
synchronisation. 
Spatial synchrony is not a phenomenon solely restricted to species with cyclical 
dynamics. Patterns of synchrony have now been recorded in the abundance or growth 
fluctuations of a wide range of organisms including: 
• masting of flowers, fruit and seeds (Koenig et al. 1999, Buonaccorsi et al. 2001, 
Post 2003); 
• protists (Holyoak and Lawler 1996, Holyoak et al. 2000); 
• plankton (Bertram et al. 2001); 
• rocky shore invertebrates (Burrows et al. 2002); 
• terrestrial insects (Boutin et al. 1995, Sutcliffe et al. 1996, Williams and 
Liebhold 2000, Peltonen et al. 2002); 
• birds (Lindstrom et al. 1996, Koenig 1998, Cattadori et al. 1999, Bellamy et al. 
2003); 
• rodents (Krebs et al. 1995, Bjornstad et al. 1996, Krebs 1996, Steen et al. 1996, 
Krebs 1997, Bjornstad et al. 1999b, Krebs et al. 2001), and 
• large mammals (Ranta et al. 1997a, Aanes et al. 2003). 
However, relatively few studies have examined the spatial dynamics of :freshwater fish, 
with notable exceptions including the production of Pacific salmon, (Beamish et al. 
1999), and abundance of brown trout in France (Cattaneo et al. 2003). 
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It should be noted that finding patterns of synchrony is just the first step, the more 
difficult task is actually identifying the causal mechanism(s) (Hudson and Cattadori 
1999). Three potential causal processes have been identified to explain spatial 
synchrony. Dispersal couples populations together over a range of scales from local to 
continental (Ranta et al. 1998). Secondly, community processes, particularly predator-
prey or parasite-host dynamics, can lead to synchrony through differential mobilities and 
trophic interactions (de Roos et al. 1991, Gurney et al. 1998). Thirdly, broad-scale 
abiotic disturbances (the 'Moran effect') can impact populations over wide geographic 
scales (Moran 1953, Ranta et al. 1995, Koenig 1999). Moran effects are typically 
weather-related and are primarily generated by variation in, rather than incidence of, 
extreme large-scale environmental perturbations (Haydon and Steen 1997). 
These three mechanisms are not mutually exclusive, which has led to great difficulties in 
disentangling their relative roles in studies of mobile animals such as birds and 
mammals. Only a very few studies have been able to discount synchronising 
mechanisms, and these include the study of Soay sheep ( Ovis aries) on different islands, 
isolated from the influence of dispersal and community processes (Grenfell 1998), as 
well as the study of caribou and musk oxen on opposite coasts of Greenland (Post and 
Forchhammer 2002). Fish are equally mobile and elusive animals, but the construction 
of many dams and weirs throughout the rivers of the Murray-Darling Basin has created 
over 3,600 very effective barriers to fish passage (Murray-Darling Basin Commission 
2004). Golden perch populations throughout the Murray-Darling Basin are now highly 
fragmented (Reynolds 1976, Cadwallader 1978, Cadwallader et al. 1984), which 
effectively eliminates dispersal and community processes as mechanisms for 
synchronising growth across populations. 
Chapter 3 demonstrated that there were synchronous growth patterns among individuals 
at a single location (Googong reservoir) and that these were significantly correlated with 
local environmental conditions (water level, oxygen saturation and growing season 
length). Following on from this, the aim of this chapter is to determine if the local 
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synchronisation of growth can be expanded out to regional scales due to the influence of 
correlated weather patterns (Moran climate effects, with extreme phases of the El Nino 
Southern Oscillation, ENSO, being of particular interest). Seven populations from south-
eastern Australia were chosen for this study that were effectively isolated from one 
another by dam walls and weirs that prevented upstream dispersal and also greatly 
limited downstream movements. Five of the populations were closely clustered around 
the ACT region, in order to determine the extent of synchrony over a relatively small 
and similar climatic region. The other two populations were sourced much further away, 
in order to determine the pattern of synchrony over larger spatial scales, i.e. whether 
there was evidence of synchronised growth dynamics across the entire south-eastern 
comer of the Australian continent. 
Materials and Methods 
Study area 
Existing otolith collections from seven golden perch populations were obtained for this 
study, details and locations of which are summarised in Table 1 and Fig. 1 respectively. 
Running from upstream to downstream, the seven populations included Googong 
Reservoir (GOOG), Lake Burley Griffin (LBGR), Lake Ginninderra (LGIN), the 
Murrumbidgee River around Canberra (ACTM), Lake Burrinjuck (BURR), the 
Murrumbidgee River near Narranderra (NSWM), and Torrumbarry weir on the Murray 
River (TORR). The distance between upstream GOOG and TORR downstream is over 
1,000 river kilometres. 
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1 Googong Reservoir 
2 Lake Burley Griffin 
3 Lake Ginninderra 
4 ACT Murrumbidgee R. 
5 Burrinjuck Reservoir 
6 Narranderra 
7 Torrumbarry Weir 
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N 
r 
Fig. 1. Map of the locations in south-eastern Australia where golden perch oto°Iiths were 
collected. Sites 1 to 5 are clustered around the Australian Capital Territory (ACT), 
whereas sites 6 and 7 are further apart in New South Wales (NSW). 
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Table 1. Summary details of the otolith collections (populations) used in this study. 
Population1 
Detail GOOG LGIN LBGR ACTM BURR NSWM TORR 
Source2 1 1 1 1 3 2 2 
Status3 mixed stocked mixed wild mixed wild wild 
N. fish 697 41 96 85 10 219 92 
N. females 455 39 24 5 59 61 
N. males 400 44 54 5 160 29 
N. measur- 3928 132 332 353 65 1027 242 
em en ts 
Total length 142-593 320-458 259-557 211-490 469-600 274-552 185-507 
range (mm) 
Mean TL± 369 ± 84 384 ± 50 395 ± 63 401 ± 47 512 ± 38 417 ± 48 350 ± 64 
S.D. (mm) 
Median TL 369 395 405 508 412 360 
(mm) 
Weight range 0.05-5.26 0.46-2.17 0.24-4.86 0.17-2.56 2.06-4.05 0.33-3.23 0.10-2.55 
(kg) 
Mean weight± 0.92± 1.02± 1.25 ± 1.10± 2.89± 1.24± 0.80± 
S.D. (kg) 0.77 0.61 0.85 0.39 0.63 0.50 0.45 
Median weight 0.7 1.03 1.08 2.93 1.11 0.79 
(kg) 
Collection Mar 1988, Mar/ Apr Mar/ Apr Nov/Dec Nov Monthly Monthly 
dates Oct 90-95, 1995, 96, 1990-97, 1994, 96, 1987, Apr 1985-89 1990-1992 
97,99 99,2001 99,2001 97, 98, 1988 
2000,01 
1 GOOG - Googong reservoir, Queanbeyan River, NSW; LGIN - Lake Ginninderra, 
Ginninderra Creek, ACT; LBGR - Lake Burley Griffin, Molonglo River, ACT; ACTM -
Canberra, Murrumbidgee River, ACT; BURR - Burrinjuck reservoir, Murrumbidgee 
River, NSW; NSWM - Narrandera, Murrumbidgee River, NSW; TORR - Torrumbarry 
weir, Murray River, NSW. 
2 Source 1 - Environment ACT, Wildlife Research and Monitoring, Source 2 -
Anderson et al. 1992a, Source 3 - Mallen-Cooper et al.1995. 
3 Population status: stocked - maintained only by stocking; mixed - stocked but with 
some evidence of low-level natural recruitment; wild - predominantly natural 
recruitment, but could also contain some immigrant stocked fish. 
Googong reservoir is an artificial impoundment constructed in 1978 on the Queanbeyan 
River. Its golden perch population is principally maintained by triennial stocking, but 
there have been sporadic occurrences of natural recruitment (see Chapter 3). Golden 
perch in Googong reservoir are completely isolated from all other populations due to the 
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presence of man-made and natural barriers to dispersal at either end of the reservoir 
(downstream dam wall and upstream natural waterfalls, respectively). No golden perch 
have been detected upstream of Googong Reservoir (Mark Lintemans, Environment 
ACT, pers. comm.), precluding the possibility of downstream movements of golden 
perch into GOOG. 
The Queanbeyan River joins the Molonglo River just downstream of Googong 
Reservoir, and enters the artificial Lake Burley Griffin (LBGR) constructed in 1964 in 
the centre of Canberra. LBGR is maintained for aesthetic and recreational purposes, 
which includes regular stocking with golden perch fingerlings. This population could 
potentially receive a small number of downstream-moving immigrants from the 
Molonglo River and any fish that survive the 60m fall over Googong Reservoir's 
spillway, but upstream movements are entirely prevented by the impassable dam wall. 
Contribution of dispersing individuals to the LBGR population is therefore likely to be 
minimal, effectively isolating LBGR from the influence of other populations. 
The third population is another Canberra urban lake developed for recreational purposes 
in 1974, Lake Ginninderra (LGIN). LGIN is fed by Ginninderra Creek and maintained 
solely by stocking. Ginninderra Creek eventually links to the Murrumbidgee River 
downstream ofLGIN, but again an impassable dam wall prevents golden perch dispersal 
as well as poor habitat conditions (shallow, lack of instream woody debris, low flows, 
etc). 
The Murrumbidgee River in the ACT, upstream of the Ginninderra tributary junction, is 
the fourth population studied (ACTM) and is mainly composed of wild-spawned fish. 
Movements of golden perch in the ACT region of the Murrumbidgee River are not as 
constrained as the dam populations previously described. Nevertheless, a major dam is 
located shortly downstream (Burrinjuck reservoir), and habitat conditions in the 
headwater regions of the Murrumbidgee do not support large golden perch populations 
(altitudes exceeding 600m with shallow depths and low-water temperatures are not 
tolerated by this large-bodied warm-water species). 
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The Murrumbidgee River leaves the ACT, flowing into NSW and enters Burrinjuck darn 
(BURR), the source of the fifth collection of otoliths. Like Goo gong reservoir, BURR is 
a mixed source of golden perch with both stocking and natural recruitment occurring. 
BURR can potentially receive a limited number of golden perch dispersing down the 
Murrumbidgee River out of the ACT region, but again upstream movements from 
downstream catchments are prevented by the large dam wall. 
Narrandera on the Murrumbidgee River (NSWM) was chosen as the sixth population as 
it was located hundreds of river kilometres downstream from the cluster of five 
populations described previously (Fig.1 ). In addition to the 96 thin-sections available 
from the study of Mallen-Cooper et al. 1995, an extra 146 golden perch otoliths 
collected by Steve Thurston, NSW Fisheries, were sectioned following the preparation 
methods described in Chapter 3. The Murrumbidgee River continues flowing westward 
through NSW, until joining the Lachlan River and then shortly afterwards enters the 
Murray River upstream of Euston (Lock 15). The final population chosen was 
Torrumbarry Weir (TORR) on the Murray River, upstream of the Murrumbidgee-
Murray junction. Golden perch at TORR are prevented from dispersing to sites on the 
Murrumbidgee by numerous instrearn barriers, including Redbank weir on the Lachlan 
River and Maude Weir on the Murrumbidgee, just before its junction with the Lachlan. 
Thus, all seven populations used in this study were essentially discrete and isolated from 
one another as free dispersal was greatly restricted between all sites. 
Otolith ageing protocol 
Transverse otolith sections were aged under transmitted light following the methods 
described in Chapter 3. This ageing method was validated for Googong reservoir golden 
perch to age sixteen using known-age fish as described in Chapter Two. After initial age 
estimation, age estimates were adjusted around a designated birthdate (1st October) to 
ensure that fish of the same cohort were always allocated to the same age group even 
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though there may be some minor variation in the time of annulus formation within 
populations and over time (Bagenal and Tesch 1978). 
Measurement of otolith growth increments 
Digital images of otolith sections were captured using a camera attached to a dissecting 
microscope and computer (see Chapter 2). Reconstruction of annual otolith growth 
across the life of each fish was achieved by measuring increment widths with a 
Biochronology macro along a standardised transect on the proximal side of the sulcus 
(described in detail in Chapter 2). 
The otoliths of 1,240 golden perch were measured that were greater than three years old. 
Young fish less than three were not measured in order to prevent Lee's phenomenon 
from positively biasing the mean growth chronology (overestimating average growth). 
Lee's phenomenon is commonly observed in fisheries studies due to the size-selective 
nature of most fishing gears & natural size-selective mortality (Lee 1912, Ricker 1969). 
Lee's phenomenon results in over-estimation of the average growth rate of younger age 
classes, as fast growing fish tend to be captured by the fishing gear at younger ages than 
slower growing members of the same cohort (Campana 1990). All marginal increment 
measurements were also excluded as well as those growth years in a population that 
were represented by less than five fish. Although Chapter 3 recommended that at least 
twenty fish of different ages be measured each year in order to produce a robust mean 
growth estimate, a less conservative cut-off of 5 fish was chosen for this study in order 
to include some of the smaller, but strategically located otolith collections (e.g. 
Burrinjuck dam on the outskirts of the ACT region). The ends of population 
chronologies estimated from less than twenty fish should therefore be interpreted with 
increased caution as recommended by Pereira et al. 1995. This left 6,079 growth 
measurements available for analysis, covering the twenty-nine year period 1972-2000. 
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Statistical analyses to construct growth chronologies 
To reconstruct the growth chronologies of golden perch in each of the seven 
populations, natural logged annual increment widths were analysed using mixed models 
through the residual maximum likelihood (REML) procedure in Genstat6 (Genstat 
1993). Mixed models were essential given the repeated measures design (where up to 
twenty-five measurements were taken on each fish), giving rise to correlated error 
structures. 
To model the ontogenetic decline in increment width with increasing age (Lombarte and 
Lleonart 1993), a quadratic polynomial was fitted to the increment width data as a fixed 
effect (Age and Age2). To account for potential growth bias according to fish age at 
capture (see Chapter 3), fish age rounded to the nearest whole number was also fitted as 
a fixed effect. To account for the repeated measures design, individual fish identities 
were fitted as a random effect (FishID). Then to assess the significance of other random 
effects in accounting for the remaining otolith growth variation, these were fitted in turn 
to the base model and estimated by weighted least squares. Factors of interest included: 
• Interannual variation [Year], 
• Variation due to different populations [Pop], 
• Population variation by year [Pop*Year]. 
The change in model deviance associated with dropping a random effect approximates a 
chi-square distribution, and thus the comparison of full-model and sub-model deviances 
was used to assess the significance of each effect and determine the most parsimonious 
model structure. 
Predicted means from the final REML model were used as the chronologies of relative 
golden perch growth for different years and populations. To quantify synchrony among 
the populations, zero-lag pairwise cross-correlations were calculated (Bjornstad et al. 
1999a). 
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Synchrony of fish growth and climate 
The Southern Oscillation Index (SOI) was included as a potential over-arching climate 
phenomenon that might be associated with synchronous inter-annual fluctuations in 
golden perch growth This is because extreme phases of this phenomenon are 
significantly correlated with temperature, precipitation and discharge in Australian rivers 
(Allan, R. J. 1985, Simpson et al. 1993, Puckridge et al. 2000, Roshier et al. 2001). The 
SOI is calculated from monthly fluctuations in the air pressure difference between Tahiti 
and Darwin. Positive values of the SOI (La Nina episodes) are associated with stronger 
Pacific trade winds and warmer sea temperatures to the north of Australia, giving a high 
probability that eastern and northern Australia will be wetter than average. Negative 
values of the SOI (El Nino episodes) are associated with weakening trade winds and 
cooler sea temperatures, resulting in reduced rainfall probability for eastern and northern 
Australia and dry conditions. Floods tend to occur in La Nift.a episodes and droughts in 
El Nino episodes, although the correlations between discharge and values of the 
Southern Oscillation Index (SOI) are not simple and are often lagged (Puckridge et al. 
2000). Monthly SOI values over the period 1982 to 1997 were obtained from the online 
archive of the Australian Bureau of Meteorology, and mean values for each fish growth 
year calculated (October to September). The relationship between population growth 
chronologies and the SOI were assessed using zero-lag pairwise correlations. 
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Results 
Ageing results 
Golden perch were aged up to twenty-six, although younger age classes less than ten 
were much more commonly recorded (Fig. 2). A good correspondence was achieved 
between the ageing results of this study and previously published studies. Of the 212 
golden perch from Torrumbarry weir, there was 92.5% agreement with Mallen-Cooper 
et al. 1995 (196 age estimates matched, and 16 differed by one year). There was also 
88.4% agreement between the two ~tudies for 95 golden perch from Narrandera on the 
Murrumbidgee River (84 matched, and 11 differed by one year). Further, there was 
agreement on 9 of the 10 golden perch otoliths from Burrinjuck dam, aged by Anderson 
et al. 1992a. 
Twenty-eight cohorts were identified spanning 1959 to 1997 (Table 2). After cropping 
those years represented by less than five fish, this gave a twenty-nine year period of 
growth measurements from 1972 to 2000. However, not all populations overlapped in 
time and each population had different length chronologies as depicted in Fig. 3. 
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Fig. 2. Frequency of estimated age classes by population. Numbers are the total number 
offish measured in each age class (1,240 golden perch in total). 
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Fig. 3. Timeline displaying the temporal span of each population's growth chronology 
(all years with more than five measurements for each population). 
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Table 2. Ageing results for each of the seven golden perch populations, detailing the 
number offish in each cohort (year of birth). 
Population 
Cohort GOOG LBGR LGIN ACTM BURR NSWM TORR Total 
1959 1 1 
1969 3 3 
1970 2 2 
1971 1 1 
1972 1 1 
1973 4 4 
1974 
1975 2 2 
1976 1 3 4 
1977 
1978 4 2 1 7 
1979 1 6 5 12 
1980 30 2 1 81 1 115 
1981 7 7 
1982 10 10 
1983 82 1 1 68 152 
1984 20 6 26 
1985 15 3 8 26 
1986 268 16 7 2 293 
1987 3 3 
1988 224 46 15 38 323 
1989 6 1 33 40 
1990 2 2 
1991 7 3 10 
1992 21 9 19 49 
1993 2 31 33 
1994 1 22 8 31 
1995 49 6 2 57 
1996 1 2 3 
1997 4 19 23 
The SOI synchronises golden perch growth across south-eastern Australia 
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The otolith growth record over the period 1972-2000 was analysed using REML models 
of natural logged increment widths (Table 3). After fixed ontogenetic effects were 
accounted for with a quadratic polynomial and selective growth effects with a fish-age-
at-capture factor, 'Population' accounted for the largest stratum variance (4.074), 
followed by 'Year' (0.427) and then the 'Population*Year' interaction term (0.295). As 
the 'Population*Year' interaction term was significant, this can be interpreted as 
populations behaving differently across years. Stratum variance due to individual fish 
identity 'Fish_ ID' was much smaller, at approximately twice the size of the baseline 
error variance (#units), and thus while significant, was not a major factor in explaining 
variation in increment widths when compared to the other random effects (Table 3). 
Table 3. REML model of natural logged increment widths. 
Random Factors Variance S.E. Stratum Effective Chi-sq 
Component Variance d.f. Prob. 
Fish ID 0.006 0.0005 0.056 1139 <0.001 
Year 0.003 0.002 0.427 23 <0.001 
Population (Pop) 0.003 0.002 4.074 5 <0.001 
Year*Pop 0.013 0.003 0.295 52 <0.001 
#units 0.029 4841 
#units - Residual variance or baseline error variation. 
Quadratic age functions were fitted as fixed effects in the models to describe the 
ontogenetic decline in otolith increment width (growth) with increasing age. The Wald 
Statistic for Age was 17,754, d.f.l, Chi-sq <0.001 and for Age2 was 2,909 d.f.l, Chi-sq 
<0.001. Fish age at capture (FAge) was also fitted as a fixed effect to account for 
potential growth biases due to the influence of either young (generally fast growing) or 
old (generally slow growing) fish 64, d.f.16, Chi-sq <0.001. 
The predicted means from the 'Y ear*Population' interaction term formed the growth 
chronology for each population and these chronologies were plotted against the mean 
annual Southern Oscillation Index values in Fig. 4. The sample sizes (number of 
measurements) for each population and year are included in Table 4, so that chronology 
ends with less than 20 measurements can be interpreted with increased caution. Fig. 4a 
displays the five populations with non-maintained water levels, and Fig. 4b displays the 
two urban lakes in Canberra. LBGR and LGIN were graphed separately as their water 
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levels do not reflect natural discharge variation as much as the other five populations, 
given that their levels are maintained for recreational and aesthetic purposes. Fig. 4a,b. 
demonstrate that up until 1992 most populations (with the exception of LBGR) closely 
mirrored inter-annual fluctuations in the Southern Oscillation fudex. El Nifio dry years 
(negative SOI means) were associated with reduced fish growth and La Nifia wet years 
(positive SOI means) were associated with increased fish growth. fu particular, the 
extreme drought of 82-83 (fish growth year 1983) resulted in synchronised fish growth 
across SE Australia, with all populations including LBGR displaying poor growth. 
Generally though, golden perch growth in Lake Burley Griffin was not synchronised 
with other populations, or the SOI (Fig. 4b ), but perhaps this lack of correlation may be 
explained by the managed water levels of this lake not reflecting natural fluctuations in 
rainfall and discharge. 
A. Golden perch growth chronologies in locations with non-maintained water levels. 
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Fig. 4. Otolith growth chronologies of the seven golden perch populations plotted with 
the Southern Oscillation Index (SOI). Predicted mean growth values (natural logged 
annual increment widths) were calculated in a REML . from the Y ear*Population 
interaction term, with an average S.E. of 0.068. Populations were split into two groups, 
those with non-maintained water levels (A), and the Canberra Urban lakes where water 
levels are kept static for recreational purposes (B). Years were aligned according to 
otolith opaque-zone periodicity rather than calendar years. i.e. 1986 actually runs from 
October 1985 to the end of September 1986. Sample sizes for each population and 
growth year are presented in Table 4. 
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Table 4. Number of measurements for each growth year for each population. Small 
sample sizes less than 20 are italicised, and represent chronology ends that should be 
interpreted with caution. 
N. measurements 
Year GOOG LBGR LGIN ACTM BURR NSWM TORR Total 
1972 6 6 
1973 6 6 
1974 7 7 
1975 11 11 
1976 11 11 
1977 13 13 
1978 16 16 
1979 16 16 
1980 18 18 
1981 8 23 31 
1982 30 6 9 104 149 
1983 30 6 9 111 156 
1984 30 6 9 121 166 
1985 112 6 10 189 8 325 
1986 112 6 10 153 16 297 
1987 127 6 10 121 18 282 
1988 366 22 66 21 475 
1989 366 22 35 59 482 
1990 590 56 17 81 744 
1991 524 52 18 39 633 
1992 454 37 20 511 
1993 367 29 23 419 
1994 295 27 40 362 
1995 184 15 69 268 
1996 94 5 22 76 197 
1997 143 8 22 55 228 
1998 104 9 22 25 160 
1999 7 33 5 45 
2000 7 33 5 45 
The correlations between the seven populations are recorded in Table 5, for those 
pairwise comparisons that had at least five growth years in common. It was apparent that 
those populations on the edge- and outside- of the ACT region (BURR, NSWM and 
TORR) had greater correlations than the Canberra lakes in the ACT region that were 
clustered closely together (LBGR, GOOG). Synchrony (the average cross-correlation) 
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between the five ACT populations was 0.20, whereas that of the wider SE Australian-
region was higher at 0.34. This was rather unexpected as it was anticipated that 
synchrony would decrease with increasing distance as has been demonstrated from 
studies of populations that were synchronised by means of dispersal (Lindstrom et al. 
1996) and/or due to the inherent spatial autocorrelation of climate effects (Koenig 2002). 
However in this study, synchrony between populations appeared to increase with 
increasing distance. 
Potentially, the lower synchrony of populations within the ACT-region may be due to 
the breakdown in the correlation between SOI values and relative fish growth over the 
period 1993-1995. GOOG, LBGR and ACTM all display good growth over 1993-1994, 
a period where the SOI is firmly in the negative El Nifio dry phase (Fig. 4a,b ). For 
instance, the correlation between the ACT populations GOOG, LBGR and ACTM (that 
included the 1993-1995 period) and the SOI were only 0.09, -0.19, and -0.35 
respectively. In contrast, correlations between LGIN, BURR, NSWM and TORR 
chronologies (which did not cover 1993-95) and the SOI were 0.66, 0.52, 0.55 and 0.71 
respectively. Moran disturbances may not be simple in their effects, having multiple 
components that vary in intensity, and furthermore local conditions can over-ride 
regional climate effects, resulting in desynchronising of growth chronologies among 
populations. 
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Table 5. Pairwise cross-correlations between growth chronologies of the seven golden 
perch populations. 
Population GOOG LBGR 
GOOG 
LBGR 
LGIN 
ACTM 
BURR 
NSWM 
TORR 
LGIN ACTM BURR NSWM TORR 
0.55 
0.58 
0.78 
0.09 
0.31 
0.46 
The lower left half of the table records the number of years in common between pairs of 
chronologies. The upper right half of the table records the pairwise correlations where 
there were at least five growth years in common. 
This pattern was also seen when plotting annual predicted means for fish growth 
irrespective of population (from the 'Year' component of the REML model) (Fig. 5). 
Most growth years in Fig. 5 tracked the average annual values of the SOI, except for the 
1993 to 1995 period. The correlation between fish growth and the SOI over the entire 
period 1972 to 2000 was 0.17, over the earlier portion 1972-1992 was 0.59 and over the 
more recent portion 1993-2000 was -0.62. In Fig. 5, 1999 and 2000 also did not track 
the SOI, but this is likely due to the dominance of LGIN samples for these years (33 of 
the 45 growth measurements). Like LBGR, LGIN has managed water levels, and 
therefore this location is much less likely to sensitively reflect natural climate signals 
(SOI changes in rainfall and discharge variability). 
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Fig. 5. Predicted mean inter-annual growth over 1972-2000 for all populations combined 
(average S.E. 0.044), and overlaid with values of the Southern Oscillation Index. Sample 
sizes for the number of measurements in each growth year are presented in the totals 
section of Table 4. 
Discussion 
Synchronised growth dynamics over 1972-1992 
Extreme phases of the ENSO phenomenon (El Nifio droughts and La Nifia floods) are 
known to influence the temperature and discharge of Australian rivers (e.g. Allan 1985, 
Simpson et al. 1993, Puckridge et al. 2000, Roshier et al. 2001). In general, shifts in 
precipitation patterns can have synchronous effects on a diversity of environmental 
parameters over a range of spatial scales, including for example, synchrony in the 
behaviour of temperature, calcium, and chlorophyll across the lakes of northern 
Wisconsin (Baines et al. 2000), and calcium and chloride solutes in the lakes of Ontario 
(Webster et al. 2000). However, some studies have noted that the correlations between 
discharge and values of the SOI are not simple and are often lagged (e.g. Puckridge et al. 
131 
Chapter 4 - Regional growth synchrony 
2000), which may well apply to the 1993 to 2000 portion of the mean chronology 
produced in this study (Fig. 5). However, the 1972 to 1992 portion displayed simple and 
direct correlations with annual SOI fluctuations (Fig. 5), and growth responses were 
strongly synchronised across populations at the scale of the entire southeastern comer of 
the Murray-Darling Basin (Fig. 4a). 
Over the 1972 to 1992 period, strongly negative El Nifio dry phases (increased 
probability of above average temperatures and below average precipitation as in 1983 
and 1987) were associated with narrow increment widths, and conversely La Nifia wet 
phases (e.g. 1988-1989) with wider increment widths. The sensitivity of annual otolith 
increment widths to ENSO phases is not a new discovery, with growth disruptions 
during the1983 El Nifio being reported for a number of other species including Pacific 
hake, Meluccius productus (MacLellan and Saunders 1995), and widow and yellowtail 
rock.fish, Sebastes entomelas and S. flavidus (Woodbury 1999). Suggested mechanisms 
that mediate the responsiveness of increment widths to ENSO climate phases include 
disruptions to food webs (e.g. productivity and prey availability, Tanasichuk 1999) or 
community assemblage changes (e.g. Vera and Sanchez 1997, Swales et al. 1999, 
Sanchez-Velaso et al. 2000). For the Australian region, ENSO phases certainly have 
dramatic effects on surface water availability, temperatures and consequently a wide 
range of ecological processes including fish growth. However, we should not necessarily 
expect to see synchrony between populations maintained through time. Synchronous 
growth dynamics are not time invariant, with pairs of populations that are initially in 
step often able to drift in and out phase (Ranta et al. 1997b). 
Loss of synchrony with the SOI in the ACT region over 1993-2000 
ACT populations appear to lose synchrony with the SOI over 1993 to 1995 (Fig. 4a,b, 5) 
displaying a trend for wider increments and improved growth in the mid-nineties, even 
though this was an extended El Nifio phase (LBGR, ACTM and GOOG populations). It 
is suggested that this apparent loss of regional growth synchrony in the ACT is partly 
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due to variation in the relative strength of temperature and discharge anomalies each 
year (deviations from average) and partly due to desynchronising local effects over-
riding regional climate effects. 
El Nifio and ~a11 ~i:ija phases associated wjth the probability of conditions becoming (_U ,\111\0 J /__{J.'{ N ,Al~) 
dryer and warmer, or wetter and cooler than average,4'espeefrveiy (Allan et al. 1996). 
However, SOI phases are by no means predictable in their effects. A positive or negative 
SOI score does not guarantee a wet or a dry year. It is this interannual variability in 
patterns of temperature and precipitation anomalies that is suggested to be one of the 
main reasons for the desynchronisation of fish growth from the SOI. 
Detailed environmental data was only available for Googong reservoir up to 1997 (refer 
to Chapter 3 for further details), but regional evidence for the broadscale applicability of 
the Googong conditions and climate effects were sourced from the ACT State of the 
Environment Report (ACTSER 1994). Firstly, the El Nifio year 1993 displayed good 
growth (wide increments) but unlike previous El Nifio years, water levels in Googong 
Reservoir did not drop dramatically and remained relatively high, a situation which 
persisted until at least 1997 (Fig.6). 
In contrast to the relatively stable water levels, mean annual temperatures increased over 
1993-1997 to above the period-mean (1972-2000) (Fig, 6a). With increasing average 
temperatures, growing season length also increased post-1994 (Fig. 6b). The exception 
was 1993 which had a below average growing season length, but potentially this was 
due to the persistent effects of atmospheric cooling from the 1991 Mt Pinatubo volcanic 
explosion (as discussed in Chapter 3). ACTSER (1994) revealed that the summer flows 
of 1992 were higher than average (corresponding to the fish growth year 1993) while 
stream and water quality conditions were generally better than average. Thus, it is 
suggested that good water quality, average- to above average rainfall and increased 
temperatures and growing season lengths all combined to improve the growth of golden 
perch in the ACT region during this El Nifio year. The same pattern also held for 1994, 
another warm El Nifio year, but also one with no significant changes to precipitation and 
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discharge patterns in the ACT region. The spring and early summer of 1993 (fish growth 
year 1994) had average-(ACTSER 1994) to above-average- (Australian Bureau of 
Meteorology website) rainfall and streamflows and water levels did not decline to low 
levels in Goo gong reservoir (Fig, 6c ). An increased growth response to increases in 
temperature and growing season length when water levels do not drop to low levels is 
especially likely to be strong in ACT populations, as they are at the lower thermal and 
upper altitudinal distributional limits for Murray-Darling golden perch. 
As was discussed in Chapter 3, temperature has an important role for determining the 
rate of physiological processes (Jobling 1996), growing season length (Jellyman 1997), 
and productivity which influences food availability (Cox and Hinch 1997). In contrast, 
discharge primarily influences food and habitat availability, water quality and mediate 
community interactions (e.g. Guyette and Rabeni 1995, Nunn et al. 2003). Thus, it can 
be seen that population growth patterns that result when temperature and water changes 
act in concert will likely be very different from when the two act separately or change 
with varying strength, even though all years under consideration could potentially have 
the same SOI value. 
The second potential explanation for the loss of growth synchronisation with the SOI 
over 1993 to 1995 is the potential role of desynchronising local effects @aydon and 
Steen 1997). For instance, A.anes et al.(2003) studied the population dynamics of 
Svalbard reindeer and found that local climate conditions were more important for 
synchronisation than a regional climate index (the Arctic Oscillation). Desynchronising 
local effects may be especially strong for golden perch residing in the ACT urban lakes 
whose water levels are managed for recreational purposes. To a large extent these 
management practices buffer fish populations from experiencing variable water levels, 
temperatures and productivities, obscuring the natural climate signal and potentially 
leading to desynchronisation. Therefore for future studies, riverine populations of 
freshwater fish may prove more sensitive to ENSO variability than relatively stable lake 
populations. 
134 
Chapter 4 - Regional growth synchrony 
G 28 
C> 
"' ~
~ 26 
+-' 
r: 
"' c. ~ 24 
.., 
(ii 
:::> 
c 
c 
"' 22 E 
:::> 
E 
·;;: 
"' 
A. Maximum annual water temperature (0.3-Sm) 
• 
. . 
. . 
~ 20+-~~~~~~~~~~~~~~~~~~--< 
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 
u 
0 
N 
A 
~120 
"' <:J 
"' l!: 
C> 
Ql 100 
<:J 
"' >·~ 80 
:; 
E 
:::> 
u 
B. Growing season length 
• 
60+-~~~~~~~~~~~~~~~~~~--l 
1980 1982 l 984 1986 1 988 1990 1992 1994 1996 1 998 
C. Water Level 
E 
~ 
(jj 663 
> QJ 
(ii 
"' 
662 
"' 
"' > 0 
.n 661 
"' (jj 
> 
..!!! 660 
Q:; 
.., 
"' 659 :s:: 
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 
Year 
Fig. 6. Variation in environmental parameters m Googong reservoir over the period 
1982 to 1997. Environmental data were aligned to fish growth years to ensure 
compatibility with the otolith growth chronologies. e.g. the fish growth year 1982 runs 
from 1st October 1981 to 30th September 1982. A). Maximum annual water temperatures 
over the depth range 0.3-5m. B). Growing season length calculated as the cumulative 
number of degree-days exceeding 20°C. C). Daily water level in metres above sea-level 
(the altitude of the base of Goo gong's dam wall is approximately 630m). 
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Characterising the spatial scale of Moran climate disturbances 
For a high frequency climate disturbance, it is the pattern of spatial autocorrelation in the 
component environmental factors, temperature, rainfall, etc., that will determine the 
likely role of the Moran effect in synchronising population dynamics (Koenig 1999). 
This means that there can be no simple relationship between the degree of synchrony 
and spatial scale, except of course that stronger climate disturbances with wide-reaching 
effects will lead to a higher probability of synchrony over greater distances. 
Synchrony has previously been shown to decay with increasing distance due to density-
dependent dispersal mechanisms (Ranta et al. 1998) or spatially autocorrelated 
environmental variability (Ranta et al. 1999, Koenig 2002). However, the results of this 
study with an absence of dispersal, found synchrony to in.crease with increasing 
distance, a counter-intuitive pattern, but one which can be explained by the influence of 
desynchronising local effects as discussed previously. This is not the first study to note 
non-linear relationships between synchrony and distance, with Ranta et al. (1997a) 
finding that for Canadian lynx dynamics, the degree of synchrony levels off with 
increasing distance among provinces yet increases again between the furthest-away 
provinces. This prompted Ranta et al. 1997 to conclude that relationship between 
synchrony and distance may be either non-existent, negative, or Boolean shaped, all 
dependent upon the time-period under consideration. 
Summary 
Otolith chronologies revealed widespread synchrony in golden perch growth across 
southeastern Australia during strong El Nino and La Nina years. Given the isolation of 
each of the seven populations by numerous barriers to dispersal (dams and weirs), 
synchronisation was attributed solely to Moran climate mechanisms and not dispersal or 
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community processes. However, even though widespread synchrony was recorded over 
1972 to 1992, it is not expected that synchronised dynamics will be maintained through 
time as desynchronising local effects can over-ride regional climate signals as was seen 
from 1993 to 2000. Generally it is anticipated that synchronous growth patterns over 
large spatial scales will only occur in those years of extreme climate disturbances where 
effects are both pronounced and widespread. 
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Desert Dwellers: 
Golden perch growth and recruitment in the 
intermittent rivers of the Lake Eyre Basin, 
central Australia 
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Abstract 
The intermittent rivers flowing through the deserts of central Australia are harsh 
environments for fish to persist in. They oscillate between small areas of isolated and 
fragmented habitat during drought through to widely connected landscapes with a super-
abundance of resources during floods. Even with this extreme variability, the rivers of 
the Lake Eyre Basin (LEB) have a thriving fish community. This study focuses on the 
largest freshwater fish in the LEB, the golden perch (Macquaria ambigua sp. B, 
Percichthyidae ). Otoliths are used to reconstruct the growth and recruitment in order to 
gain insights into how fish persist in such highly variable river systems. Golden perch 
have principally been considered flood-cued spawners and the strongest cohorts of 
golden perch were indeed associated with the largest flood years over 1986-2001. In 
particular, a cluster of flood years over 1989 to 1991 produced two cohorts of fish, 1989 
and 1990, that were still abundant and widespread throughout the Cooper and 
Diamantina rivers a decade after they were spawned. However in addition to flood-cued 
spawning, there was also evidence of refugia supporting regular annual recruitment even 
under low flow and drought conditions. In such arid systems, refuge waterholes 
therefore play a critical role in the maintenance of aquatic-dependent fauna during all 
phases of the hydrological cycle. As well as providing conditions suitable for good 
recruitment, flood years were positively correlated with fish growth. GroWth 
chronologies for Diamantina River and Cooper Creek fish were reconstructed through 
measuring otolith annual increment widths. Individuals displayed highly variable, but 
synchronous, growth across years. Annual discharge explained 74% and 18% of the 
inter-annual growth variation for fish from the Diamantina River and Cooper Creek 
respectively. In summary, the life history characteristics of longevity, opportunistic 
reproduction and flexible growth make golden perch well suited to the highly variable 
conditions encountered in the intermittent rivers of the Lake Eyre Basin. 
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Introduction 
An improved understanding of the ecological functioning of Lake Eyre Basin (LEB) 
rivers is critical as land and water resource managers seek to balance their environmental 
needs with current and future demands on their water resources (Choy et al. 2002). A 
large recreationally important angling species occurs throughout these rivers, the LEB 
golden perch, but information on its biology has principally been extrapolated from its 
sister species in the Murray-Darling Basin (MDB). This is an entirely inappropriate basis 
from which to adequately protect and sustainably manage the recreational fishery for 
this species. This Chapter will be the first study of the life history characteristics of 
golden perch in the intermittent rivers of central Australia and aims to develop an 
understanding of how fish growth and recruitment interact with the highly variable flow 
conditions that occur in these rivers. Such knowledge is essential to characterise the 
envelope of natural variation and improve prediction of the ecological consequences of 
major threats such as climate change and water extraction (Roshier et al. 2001, Eby et al. 
2003). 
The rivers of the Lake Eyre Basin are among the world's last large-rivers to remain 
unregulated and minimally human-impacted (Choy et al. 2002). The LEB has an area of 
1,140,000km2 (Kotwicki 1986), is similar in size to the MDB, and includes large river 
systems such as Cooper Creek and the Diamantina River. The LEB catchments are 
endorheic and lie almost entirely within the arid zone (Puckridge et al. 1998). Their 
rivers flow across low gradient landscapes towards the terminal Lake Eyre, resulting in 
low flow velocities (Kotwicki 1986) and long travel times of up to several months 
(Knighton & Nanson 1994). The flat landscapes throughout the region also give rise to 
floodplains up to 60km wide (Costelloe et al. 2004), leading to large transmission losses 
through ponding (Rodier 1985) and complex channel braiding and multiple flow paths in 
the mid-lower reaches (Graf 1987, Nanson et al. 1986). Flow regimes are subject to a 
summer-monsoonal climate as well as supra-seasonal cycles associated with transient 
tropical depressions (Roshier et al. 2001 ). Large floods in particular are associated with 
tropical cyclones, the occurrence and intensity of which are positively correlated with 
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strong La Niiia phases of the ENSO phenomenon (Allan 1985, Kotwicki and Allan 
1998, Puckridge et al. 2000). Extreme flow variability is therefore a quintessential 
characteristic of these aquatic ecosystems, with rivers naturally fluctuating between an 
inland sea of floodwaters and a handful of isolated wetlands or waterholes (Puckridge et 
al. 1998). This gives rise to a diverse spatial and temporal mosaic of aquatic habitats for 
fish to utilise. 
However the fish communities of the LEB are virtually unstudied with a lack of baseline 
information on most species' ecology (Unmack 1995). Little is known of the basic 
biology and hydrology of the region, let alone the hydrology-ecology relationships 
operating in these rivers, although spectacular booms and busts of fish (Puckridge et al. 
2000, Pritchard et al. 2004) and waterbirds (Kingsford 1995; Kingsford et al. 1999, Reid 
et al. 2004) have been observed during major flood cycles. Understanding the ecosystem 
processes at work in the rivers of the LEB is a particularly challenging task due to the 
inherent complexity of biology-hydrology relations (Puckridge et al. 1999) and the 
extreme seasonal, interannual and interdecadal variability of the flow regimes of arid 
zone rivers (Puckridge et al. 1998). In order to understand and manage such highly 
complex systems, long-term ecological datasets are essential. 
To address this paucity of baseline data in the region, the ARIDFLO project undertook a 
multi-disciplinary approach to collect biological, hydrological and geomorphological 
data under a range of flow conditions over 2000-2003 (Costelloe et al. 2004). During 
this project, otoliths were opportunistically collected from golden perch throughout the 
region, with the unique biochronological properties of otoliths (see Campana and 
Thorrold 2001) extending the utility of this study back through time. In this chapter, the 
validation of LEB golden perch ageing is described and otolith growth chronologies are 
constructed and related to river discharge. 
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Materials and Methods 
Study species 
Golden perch (Macquaria ambigua Richardson, Percichthyidae) have a broad 
distribution across four river basins in Australia (Allen 1989, Musyl and Keenan 1992). 
These include the central Australian Lake Eyre Basin (LEB), which is the focus of this 
chapter, the Murray-Darling Basin (MDB) of South East Australia, the Bulloo-
Bancannia Basin located between the LEB and MDB, and the coastal Fitzroy-Dawson 
Basin of eastern Queensland. Morphometric and electrophoresis studies have revealed 
structuring between populations in the four river basins, with the LEB golden perch 
concluded to be a cryptic species separate from MDB golden perch (Musyl 1990, Musyl 
and Keenan 1992). The LEB golden perch awaits formal description as a separate 
species but nevertheless remains closely related to its sister MDB species. This close 
relationship was demonstrated by Jerry et al. (2001), who found no sequence divergence 
between the two sister species using two segments of the mitochondrial 12S rRNA gene 
when assessing deeper phylogenetic relationships among species of the Percichthyidae. 
In terms of general biology, LEB golden perch are generalised carnivores consuming a 
varied diet of crustaceans (particularly prawns, Macrobrachium australiense, yabbies, 
Cherax destructor, and freshwater crabs, Holthuisana transversa), other aquatic 
invertebrates and fish (Pritchard unpublished data). Although golden perch in the LEB 
are known to be faster growing and reach smaller asymptotic sizes than MDB 
populations, little else is known of their biology. The LEB golden perch can reach sizes 
of up to 5.6kg and 60cm in central Australia (Unmack 1995), compared to maximum 
sizes of 23kg and 76cm in the MDB (Lake 1967a). Many basic parameters essential for 
sustainable fisheries management such as longevity and age-at-maturity, remain to be 
described for LEB golden perch. 
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ARIDFLO sampling design 
The ARIDFLO field program covered five river reaches (ranging from lOOkm to 180km 
in length) in three major river systems of the LEB (Fig. 1 ). The three river systems 
included Cooper Creek and the Diamantina River to the east of Lake Eyre as well as the 
much smaller Neales River to the west of Lake Eyre (catchment areas 306,000km2, 
160,000km2 and 35,000 km2 and main channel lengths 1,500km, 1,000km and 430km 
respectively). South Australian (SA) and Queensland (QLD) sampling teams 
simultaneously sampled two reaches on the Cooper (the Thomson River upstream in 
QLD and Coongie Lakes downstream in SA), two reaches on the Diamantina 
(Diamantina Lakes upstream in QLD, and Goyders Lagoon downstream in SA) and one 
reach on the much smaller Neales River in SA (Fig. 1). The catchment characteristics for 
each of these reaches are provided in Table 1. The closest waterbodies between the 
upper and lower reaches were separated by 600km (Cooper) and 350km (Diamantina). 
This spatial sampling structure allowed for comparisons between upstream and 
downstream reaches within a river catchment, between catchments and between major 
river systems and smaller systems. 
N 
A 500 km 
Data sources LEBllS, Auslig 
lower Diamantina 
(Goyders lagoon & 
Warburton River) 
Cooper 
(Coongie lakes & lnnamincka) 
o Otolith sampling location 
Lake Eyre Basin boundary 
LJ Catchment boundaries 
Fig. 1. Distribution of otolith sampling locations in the Lake Eyre Basin. 
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Table 1. Comparison of catchment characteristics for the five river reaches of the LEB 
sampled during ARIDFLO (Table reproduced from Costelloe et al. 2004). 
Catchment Characteristic Upper Lower Upper Lower Neales R. 
Diam. R. Diam. R. CooperR. Cooper R. 
Catchment Area (km2) 54,130 327,171 * 78,593 240,117 30,510 
Highest Reach Elevation 350 40 383 232 370 
(m) 
Mean Reach Slope 6.8 x 10-4 1.0 x 10-4 2.0 x 10-4 1.2 x 10-4 8.6 x 10-4 
Total River Length (km) 400 920 664 1220 430 
Median Annual Rainfall 364 158 446 201 140 
(mm) 
Annual Potential Areal 1505 1400 1500 1340 1340 
Evaporation (mm) 
Median Annual Discharge 2,872,576 20,229 1,276,517 133,734 2734 
(ML) 
Coefficient of Variation for 0.866 1.554 1.534 1.967 2.206 
Annual Discharge 
Median Annual Days of 197 87 156 195 22 
Flow (days) 
Month of Peak Flow March April February April February 
Principal climate (rainfall) NW-NE NW-NE NE NE NW 
direction 
Operating gauging stations 0 1 2 1 0 
in reach 
* including the Georgina River catchment area. 
The ARIDFLO project spanned almost four years (commencing in January 2000), and 
seven surveys were completed between March 2000 and April 2003. The seven surveys 
were designed to maximize replication at the annual scale across a broad geographic 
area and incorporated two early-summer (November 2000, 2001), four late-
summer/autumn (April 2000, 2001, 2002, February 2003), and one winter season 
(August 2000). The study was fortunate to experience major floods in 2000 (all reaches) 
and 2001 (Lower Diamantina only), a low flow year in 2002 and a drought year in 2003 
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(all reaches). 
During each survey, five different macrohabitats were surveyed in order to encompass 
the different hydrological regimes and geomorphological conditions within each reach. 
The macrohabitats of refuge, main channel, outer channel, lake and floodplain represent 
a continuum of morphologies shaped by the flow regime, the waterbody's position on 
main versus secondary/floodplain channels, and the location within the catchment 
(however not all macrohabitats were equally represented in each reach). These five 
macrohabitat types were defined as: 
• Refuge waterbodies, which were defined as those sites that would persist for at 
least 18-24 months in the event that they did not receive inflow during an entire 
flood season. To retain water for two years, such waterbodies require cease-to-
flow depths of 3-6m so that they are capable of withstanding large annual losses 
due to evapotranspiration (1.3-3.0m per annum, depending on their location 
within the LEB). Long-term refugia also require approximately annual 
frequencies of inundation so that the lack of inflow for an entire flood season 
would be a rare occurrence. 
• Main channel waterbodies, that were often deep pools. Main channel 
waterbodies were located on the river's main flow path and received water from 
all flow events that reached the waterbody' s location in the catchment. Main 
channel waterholes could be quite long (several kilometres) but generally were of 
restricted width ( <l 50m). 
• Off-channel waterbodies, which were located on secondary or outer channels of 
the river system or on flow paths of the wider floodplain of the river system. 
These tended to be broader and shallower than main channel waterholes but this 
was not always the case. Flow generally needed to exceed some threshold 
discharge in the main channels to initiate flow into these waterbodies. 
• Lakes, which were predominantly restricted to the Lower Cooper reach and had 
large surface areas and shallow depths ( <2.Sm deep). 
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• Floodplain waterbodies, which were areas of shallow, inundated terrestrial 
vegetation with poorly defined or no waterbody profile. These waterbodies were 
opportunistically sampled during flood events. 
Collection of otolith samples 
Otolith samples were collected from a total of 436 golden perch (total length range 17-
5 9cm, weight range 0. 07-4 .1 kg) through opportunistic gillnet sets and angling. Floating 
1 lOmm mesh gillnets (length 25m, drop 2m) were set at dusk, adjacent to instream large 
woody debris and left overnight. Gillnets were used to sample refuge waterholes, main 
channels, and lakes on 32, 27 and 6 occasions respectively. From this method 304 
golden perch otoliths were collected from twenty-six waterbodies on fifty-three 
occasions (Table 2). (Floodplain otoliths were sourced from an overnight fyke net of 
30mm mesh on one occasion at East Kunchera and the outer channel otolith was 
collected from a golden perch carcass found on the shores of Y elpawaralinna). A further 
132 otoliths were collected from anglers in the region that visited six waterbodies (Table 
2). The majority of both gillnet and angling samples were obtained from deeper refuge 
and main channel waterbodies, partly reflecting the behavioural preferences of larger 
golden perch, and partly reflecting greater sampling effort in these habitats. 
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Table 2. Locations and numbers of golden perch otoliths collected from the Lake Eyre 
Basin. 
River Reach Site Site Name Capture N. Latitude Longitude 
type Method 
Cooper Coongie LA Lake Goolangirie G 2 27.003 140.184 
Creek Lakes LA Lake Toontoowaranie G 73 27.081 140.159 
(SA) MC Apanburra Channel G 1 27.029 140.081 
MC Ellar Creek G 2 27.022 140.177 
RE Cullyamurra WH G&A 46 27.690 140.839 
RE Kudriemitchie G 36 27.370 140.202 
Outstation 
RE MinkieWH A 2 27.780 140.637 
RE Northwest Branch G 14 27.183 140.150 
RE Qeerbiddy WH G&A 38 27.758 140.712 
RE Burke's WH A 12 27.433 140.468 
RE Tirawarra WH G 3 27.258 140.086 
Thomson MC ToobrackWH G 4 23.670 143.840 
(QLD) RE Broadwater WH G 20 24.103 143.353 
RE Darr River A 6 23.124 144.042 
RE Longreach A 32 23.245 144.133 
Diamantina Lower FP Kunchera Floodplain G 2 26.708 139.501 
River Dia. MC Goyders Lagoon WH G 7 26.888 138.969 
(SA) MC North ofUltoomurra G 10 27.137 138.733 
WR 
MC Pandie Pandie HS G 15 26.128 139.387 
MC Tepamimi WH G 1 26.671 138.992 
oc Y elpawaralinna WH G 1 27.129 138.707 
RE Clifton Hills G 15 26.536 139.451 
Outstation 
Upper RE Hunters Gorge WH G 17 23.683 141.105 
Dia RE Old Cork WR G 14 22.931 141.863 
(QLD) RE WongreeWH G 3 23.723 141.113 
Neales Neales RE Algebuckina WH G 50 27.892 135.822 
River (SA) MC South of Cliff WH G 2 27.908 135.995 
MC Stewart WR G 4 27.689 135.382 
MC South of Stewart WH G 3 27.706 135.379 
MC Tardetakarinna WH G 1 28.015 136.138 
Capture method: A - angling, G -11 Omm gillnets (a small number of these golden perch 
were also captured in overnight fyke nets of 30mm mesh). WH short for waterhole. 
Site type: LA - Lake; MC - Main channel; OC - outer channel; RE - Refuge; PP -
floodplain. 
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Otolith preparation 
Sagittal otolith thin-section were prepared and aged usmg the same methods as 
described in Chapter 3. After initial age estimation, age estimates were adjusted around a 
designated birthdate. For Murray-Darling golden perch, timing of annulus formation 
occurs over October to December (Battaglene 1991, Anderson et al. 1992b). However, 
for Lake Eyre golden perch, opaque zones were visible on the edge much earlier in the 
year, and therefore a birthdate of 1st August was chosen. Given that LEB golden perch 
populations are at higher latitudes in generally warmer ecosystems than MDB 
populations, an earlier onset to the growing season is not surprising (Anderson et al. 
1992a). 
Ageing method validation 
The use of sagittal otolith thin-sections to estimate the age of MDB golden perch has 
previously been validated to 8, 9 and 12 years (Anderson et al. 1992a, Mallen-Cooper 
and Stuart 2003, Battaglene 1991 respectively), through the techniques of examination 
of known-age stocked fish, following the progression of discrete size classes over time 
and marginal increment analysis. However, the ageing of LEB golden perch has not yet 
been validated. For this study, given the close relationship between the sister species of 
golden perch, known-age fish from stocked MDB populations were firstly aged as a 
reader training exercise (sensu Campana 2001). Following this exercise, the size 
progression of a strong cohort of LEB golden perch that recruited after the 2000 flood on 
the Neales River was followed over three years to confirm the annual periodicity of 
opaque zone formation. 
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Measurement of otolith growth 
Digital images of otolith sections were captured using a camera attached to a dissecting 
microscope and computer (see Chapter 2). Reconstruction of annual otolith growth 
across the life of each fish was achieved by measuring increment widths with a 
Biochronology macro along a standardised transect on the proximal side of the sulcus 
(described in detail in Chapter 2). 
Although 436 otoliths were aged, 194 sections were not measured with the 
Biochronology macro. There were four reasons why this was the case: 
• Five sections were excluded due to sectioning errors or ageing discrepancies, 
• Sixty-nine sections were excluded from mainly immature fish aged less than 
three due to the possible confounding influence of Lee's phenomenon (Lee 1912, 
Ricker 1969). This is where fish caught at young ages tend to be faster growers 
than other members of their cohort, resulting in a positive growth bias when 
reconstructing relative growth, 
• Sixty fish from the single cohort ofNeales River golden perch were not analysed 
as all were less than four years old (thus only a very short growth chronology 
from fast growing young fish would have been produced), and 
• Images of sixty recently prepared otolith sections were not digitised for 
measurement. 
For the remaining 242 fish that were measured, the incomplete marginal increment 
measurements on the edge of each section were excluded, and data for fish growth years 
1988 (N=l m~asurement) and 1989 (N=3 measurements) were excluded as they were 
represented by less than five fish. After this data pruning, growth measurements for 
golden perch from both rivers covered the same twelve-year period, 1990 to 2001. The 
Cooper Creek data-set had 205 fish with 701 measurements and the Diamantina River 
data-set had 37 fish with 230 measurements available for analysis. 
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Screening the otolith data for errors 
The increment width data were screened to identify potential ageing- and measurement-
errors that could confound or mask common growth signals in the chronologies for each 
river (LeBreton et al. 1999). Years with a characteristic growth pattern (pointer years, 
Williams and Bedford 1974, Thomas 1983, MacLellan and Saunders 1995) were 
identified and used to check for misclassified fish (see successful demonstration of this 
approach by Ogle et al. 1994). For Cooper Creek, the relatively narrow, poor growth 
years of 1992 and 1996 and the relatively wide, good growth years of 1995 and 1997 
were used as pointer years. For the Diamantina River golden perch, the poor growth 
years of 1993, 1996 and 1998 and the good growth years of 1995, 1997 and 1999 were 
used as pointer years. During this data-checking process, twelve fish were identified 
which did not fit the characteristic sequence of pointer years and were subsequently re-
measured. Of the twelve fish that were re-measured, errors included: 
• a failure to recognise a newly formed opaque zone on the otolith edge for two 
fish, 
• three occasions where an opaque zone was misclassified as a check, 
• three occasions where a check was misclassified as an opaque zone, and 
• four occasions of imprecise measurement alignment due to the influence of 
checks, opaque zone splitting and generally diffuse and unclear opaque zone 
boundaries. 
Statistical analyses to construct growth chronologies 
To reconstruct the growth chronologies of golden perch in the Diamantina River and 
Cooper Creek over 1990 to 2001, natural logged annual increment widths were analysed 
using mixed models through the residual maximum likelihood (REML) procedure in 
Genstat6 (Genstat 1993). Mixed models were essential given the repeated measures 
design (where up to fifteen measurements were taken on each fish), giving rise to 
correlated error structures. Cooper Creek and Diamantina River golden perch datasets 
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were analysed separately given the different hydrological conditions these rivers have 
experienced. 
To model the ontogenetic decline in increment width with increasing age (Lombarte and 
Lleonart 1993), a quadratic polynomial was fitted to the increment width data as a fixed 
effect (Age and Age2). To account for the repeated measures design, individual fish 
identities were fitted as a random effect (FishID). Then to assess the significance of 
other random effects in accounting for the remaining otolith growth variation, these were 
fitted in turn to the base model and estimated by weighted least squares. Factors of 
interest included: 
• Interannual variation [Year]. 
• Variation due to individual cohorts [Cohort]. 
• Variation due to whether fish were captured in upstream or downstream reaches 
[Reach]. 
The change in model deviance associated with dropping a random effect approximates a 
chi-square distribution, and thus the comparison of full-model and sub-model deviances 
was used to assess the significance of each effect and determine the most parsimonious 
model structure. Once the random model structures were finalised for the two rivers, 
logged annual discharge from gauging stations on the Cooper and Diamantina were 
fitted as fixed effects (Cullyamurra gauging station located towards the downstream end 
of the Cooper near Innamincka, and Birdsville gauging station located near the middle 
of the Diamantina catchment). This was in order to determine the significance of river 
discharge (Wald Test Statistic) and how much of the inter-annual variation in otolith 
growth that river discharge accounted for (percentage decrease in the 'Year' stratum 
variance). 
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Results 
Ageing method validation and precision 
All fish collected from the Neales river were aged as belonging to the strong 2000 cohort 
and this was verified by a strong progression in the size class distribution over the four 
years of field sampling (Fig. 2). The single golden perch captured in August 2000 was 
aged as 1, all 15 fish captured in April 2001 were aged as 1 +,all 35 fish from November 
2001 and April 2002 were aged 2+, and all 10 fish collected in February 2003 were aged 
as 3+. This suggests that opaque zone periodicity is indeed annual for the Lake Eyre 
Basin golden perch and that the transverse-section ageing method is valid for both sister 
species of golden perch. 
Although variable increment widths and checks were common in many of the LEB 
golden perch otoliths, they nevertheless proved relatively clear and straightforward to 
read. Of the 436 fish aged, there were 41 discrepancies among the age estimates, with 
most differing by one year and only two fish by two years. The average C.V. (ageing 
precision) across fish was 1.46%, which compares favourably with the median C.V. of 
7.6% compiled from a wide range of published ageing studies (Campana & Thorrold 
2001). 
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Fig. 2. Length-frequency distributions for golden perch collected from the Neales River. 
The panel of graphs displays the size distributions for each sampling trip. (Sampling 
trips April 2000 and November 2000 were not included as 11 Omm gillnets were not 
deployed). X-axis fabels display the mid-point value of each 20mm size category. 
Ageing results by reach and river 
The 436 otoliths yielded ages ranging from O+ to 15 years and birth years from 1986 to 
2001. The Neales River was only represented by a single cohort of young fish from the 
2000 floods (N=60). For the Diamantina and Cooper, cohort frequency histograms were 
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plotted by river and reach and were overlaid with river flow data (logged annual 
discharge) (Fig. 3). Although a strongly skewed distribution was observed due to 
younger fish being more frequently caught than older age classes, five patterns in the 
cohort frequency data were observed (Fig. 3). These were that: 
• for both the Cooper and Diamantina rivers, there was evidence of recruitment in 
almost all years over 1986 to 2001. 
• recruitment occurred over a wide range of hydrological conditions including 
drought years as well as flood years, but flood years tended to give rise to the 
strongest cohorts, 
• not all flood years were equally good for recruitment success, preceding 
hydrological conditions and context appear important, 
• the lower Diamantina reach harboured only the strongest cohort of older golden 
perch, most likely due to the scarcity ofrefugia in this reach (only two permanent 
waterholes), 
• young fish appear to be absent from the upper Cooper and Diamantina reaches 
but this is a sampling artefact from requesting the Queensland sampling team to 
only collect otoliths from the larger golden perch (smaller golden perch were 
abundant but were weighed, measured and released). 
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Fig. 3. Frequency histograms of ageing results by year of birth. A). Thomson river reach 
(Upper QLD) and Coongie Lakes reach (lower SA) cohort :frequency histogram bars, 
overlaid with the logged annual discharge at Cullyamurra gauging station. B). Upper and 
lower Diamantina reaches as cohort :frequency histogram bars, overlaid with the logged 
annual discharge at Birdsville gauging station. 
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Golden perch growth positively correlates with the annual discharge of Lake Eyre 
Basin Rivers 
Although relatively clear to read, golden perch otoliths from the rivers of the LEB were 
characterised by variable increment widths and frequent checks. Thus, rather than 
showing the expected decline in increment width with increasing age (Lombarte and 
Lleonart 1993), otoliths instead tended to have characteristic sequences of narrow and 
wide growth years. An example of the growth patterns typically observed is shown for a 
14+ year old fish from Cooper Creek in Fig. 4. Years of relatively poor growth (narrow 
increments) are clearly seen in 1992-1994 and 1996, and years of relatively good growth 
(wide increments) are seen in 1995, 2000 and 2001. Such highly variable growth 
patterns showed promise for the development of population-level chronologies of 
relative growth as the inter-annual patterns were consistently recorded across many fish. 
The strength of the common inter-annual growth signal across fish was assessed through 
mixed model analyses. 
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Fig. 4. Example of the growth patterns typically seen in golden perch from Cooper 
Creek. This fish was aged as 14+ and was collected from Cullyamurra waterhole, 17th 
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July 2001 (MA383). The upper panel is the X5 magnification of the proximal surface in 
detail with opaque zone boundaries marked by white squares and years of increment 
formation identified by text. Checks (false opaque zones) are marked as asteriscs. Years 
are aligned to opaque zone periodicity rather than calendar years. i.e. 1995 runs from 1st 
August 1994 to 31st July 1995. The years 1992-1994 and 1996 are relatively narrow 
(denoting poor growth) and the years 1995, 2000 and 2001 are relatively wide (denoting 
good growth). The middle panel is the Xl .25 magnification of the entire transverse 
section. The lower panel displays the measured increment widths for this fish. 
The mixed model analyses of otolith increment width data revealed significant inter-
annual variation in otolith growth ('Year' random effect) for both Cooper Creek and the 
Diamantina River golden perch (deviance changes between the full models and sub 
models were both significant, p<0.001. Table 3). There was also significant variation in 
otolith increment width among individual fish, but the variance attributed to 'Fish_ID' 
was much smaller than that due to 'Year' (variance component of 0.004 versus 0.037 for 
the Cooper, and 0.008 versus 0.024 for the Diamantina, Table 3). The effects of the 
reach where the fish was captured (upstream or downstream) and the cohort that the fish 
belonged to were both non-significant factors in the random-model (full-model and sub-
model deviance changes were non-significant, p>0.05 Table 3). Thus both 'Reach' and 
'Cohort' were dropped as random factors in the final model. 
When the logged annual discharges from Birdsville and Cullyamurra gauging stations 
were included as fixed effects into the mixed models of Diamantina and Cooper fish 
growth, both were significant (although Cullyamurra discharge was only marginally 
significant). For the Diamantina golden perch, logged annual discharge (Wald Statistic 
33.47, d.f. 1, x2<0.001) explained 73.5% of the inter-annual variation in otolith growth 
(the 'Year' stratum variance decreased from 0.421 to 0.111). For Cooper Creek golden 
perch, logged annual discharge was marginally significant (Wald Statistic 4.09, d.f. 1, 
x2<0.043) and explained 17.8% of the inter-annual variation in otolith growth (the 
'Year' stratum variance decreased from 0.985 to 0.810). The significant correlations 
between relative golden perch growth and annual discharge in each of the rivers can be 
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seen in Fig. 5, where predicted growth means from the mixed models are plotted with 
the logged annual discharges for each river. Years of above median discharge were 
positively correlated with relative fish growth. A pairwise correlation between predicted 
annual growth for Cooper Creek golden perch and Cullyamurra logged discharge over 
1990-2001 was 0.55, and for Diamantina golden perch and Birdsville logged discharge 
was 0.87. 
Table 3. REML model output from the analysis of Cooper Creek and Diamantina River 
1990-2001 natural logged increment widths. 
Model Random Variance S.E. Stratum Effective Deviance Chi-sq 
Factors Comp. Variance d.f. + change Prob. 
Cooper Creek 
Fish ID 0.004 0.002 0.057 171 10 <0.001 
Year 0.037 0.017 0.985 11 118 <0.001 
Cohort 0.005 0.004 -0.397 4 4 <0.051 
(N.S.) 
Reach 0.0004 0.001 -0.408 0.2 0 <0.999 
(N.S.) 
#units 0.042 517 
Diamantina River 
Fish ID 0.008 0.004 0.090 31 18 <0.001 
Year 0.024 0.012 0.421 11 59 <0.001 
Cohort 0.005 0.004 0.044 0 1 <0.227 
(N.S.) 
Reach 0.0004 0.001 -60.501 1 2 <0.132 
(N.S.) 
#units 0.039 184 
#units - Residual variance or baseline error variation. 
+Deviance change between the full model (including the random effect) and the sub-
mode! (excluding the random effect). 
Quadratic age functions were fitted as fixed effects in the models to describe the 
ontogenetic decline in otolith increment width (growth) with increasing age. For the 
Cooper Creek golden perch, the Wald Statistic for 'Age' was 1004, d.f.1, Chi-sq <0.001 
and for Age2 was 333, d.f. l, Chi-sq <0.001. For the Diamantina River golden perch, the 
Wald Statistic for 'Age' was 380, d.f.1, Chi-sq <0.001 and for Age2 was 93, d.f.l, Chi-
sq <0.001. 
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Fig. 5. Growth chronologies of golden perch in the Lake Eyre Basin and their 
relationship with river discharge. A). Cooper Creek relative fish growth across the years 
1990 to 2001, plotted as mixed model predicted means(± 0.06 S.E.). Numbers represent 
the number of measurements in each year. Discharge data was sourced from 
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Cullyamurra gauging station and plotted on the second y-axis. The grey horizontal line 
represents both the median logged annual discharge over the period 1967 to 2002 (5.62), 
as well as the average predicted mean growth over the period 1990 to 2001 (5.37). B). 
Diamantina River relative fish growth across the years 1990 to 2001, plotted as mixed 
model predicted means(± 0.07 S.E.). Numbers represent the number of measurements in 
each year. Discharge data was sourced from Birdsville gauging station and plotted on 
the second y-axis. The grey horizontal line represents both the median logged annual 
discharge over the period 1967 to 2002 (5.49), as well as the average predicted mean 
growth over the period 1990 to 2001 (5.31). For both graphs, flow years above the grey 
lines represent years of greater than median discharge. Furthermore, predicted mean 
otolith growth years greater than the grey lines represent years of better than average 
growth (wider increments than expected). 
Years of otolith growth which did not neatly fit with the overall pattern of positive 
correlation with annual discharge included 1990, 1991, and 2000 for the Diamantina and 
1990, 1991, 1993, 1994 and 2001 for the Cooper. In particular, predicted otolith growth 
means in 1990 and 1991 were somewhat lower than expected for both rivers given that 
these were large flood years. However, this is most likely explained by ·the tail-portion 
of both chronologies only being represented by a relatively small number of older fish. 
As was seen in Chapter 3, members of a cohort that live to older ages tend to be slower 
growers at younger ages. Although this does not necessarily affect the direction of 
relative otolith growth across years, it does affect the magnitude of the reconstructed 
growth signal (i.e. slow growing old fish impart a negative growth bias when 
reconstructing relative growth, converse to the positive growth bias introduced by faster 
growing young fish due to Lee's phenomenon). 
Other mismatches between discharge and growth could have arisen because detailed 
discharge data were only available from a single gauging station for each river, yet 
hydrological conditions were not uniform throughout the rivers and golden perch have a 
high propensity to disperse. The reduced correlation between otolith growth and Cooper 
Creek discharge, when compared to the Diamantina, may be partially explained by the 
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catchment location of Cullyamurra gauging station. The Diamantina gauging station at 
Birdsville is located in the middle of the catchment whereas Cullyamurra gauging 
station is at the downstream end of the Cooper. Discharge data at Cullyamurra does not 
accurately reflect smaller flows and freshes originating from the better-watered 
headwaters. For example, in 1993 a small flow from the Barcoo River resulted in flows 
reaching the upper Cooper catchment but not Cullyamurra downstream due to ponding 
and high transmission losses, especially following the dry conditions of the preceding 
year (J. Costelloe, ARIDFLO hydrologist, pers. comm.). As golden perch individuals are 
capable of moving long distances during their lifespan (e.g. Reynolds 1983 recorded 
movements of up to 2,300km for MDB golden perch), there is no guarantee that where a 
fish is captured necessarily relates to where they have spent other periods of their life. 
i.e. fish that survived the dry years of 1992-3 may well have persisted in the middle- and 
upper- reaches (which received small flows) rather than the lower reaches (which 
received greatly below median flows), resulting in the discrepancy between relative 
growth and discharge. Nevertheless, even with some minor mismatches between fish 
growth and discharge across years, the overall correlation found in this study confirms 
that flow appears to be the major ecological 'driver' of these intermittent river systems. 
Discussion 
This study is the first to examine the growth and recruitment dynamics of an Australian 
desert fish species. Golden perch thrive in the Lake Eyre Basin, a region that is 
definitively 'outback' for many Australians yet scarcely studied due to its remoteness 
and hostile environmental conditions. Given the increasing number of visitors seeking 
the wilderness experience, it is essential that anthropogenic activities be sustainably 
managed to protect desert ecosystems that are both resilient and vulnerable (Stafford-
Smith and Morton 1990). New knowledge of the population dynamics of this keystone 
aquatic predator will be discussed in the following sections and this will aid in 
developing an improved understanding of the ecology of this unique region. 
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Golden perch longevity 
Golden perch were found to be a relatively long-lived species of fish, with a maximum 
age of 15 recorded. This is to be expected in such highly unpredictable aquatic 
environments (Norbury et al. 1994), where high mortality rates are experienced during 
dry-phases when the system contracts to a small number of refuge waterholes (Costelloe 
et al. 2004). Life history theory predicts that a long lifespan evolves in response to 
variation in reproductive success (Murphy 1968). A longevity greater than the average 
return period for flood clusters (5.3 years, Puckridge et al. 2000) allow LEB golden 
perch to take advantage of the occurrence of erratic conditions suitable for spawning and 
recruitment, and their high fecundity aids them in recovering rapidly following drought 
(Mallen-Cooper and Stuart 2003). 
It is likely that the maximum age of fifteen years recorded in this study will be an under-
estimate of longevity for this species. This is due to the size-selective characteristics of 
the primary sampling gear used. 11 Omm mesh gillnets were too small to effectively 
catch larger and presumably older golden perch, as large specimens (>40cm total length) 
were often only barely entangled by a strand of mesh caught around their opercular 
spines. It would be beneficial for future studies to target refuge waterholes with larger. 
mesh gillnets and angling, to determine if larger and older specimens are indeed 
harboured in the turbid depths of these rivers. 
Linking golden perch growth to river discharge 
Many studies linking fish growth and climate primarily look at temperature effects on 
fish growth and production (e.g. King et al. 1999, Friedland et al. 2000). However, in 
Australian intermittent river systems, it is more likely that variable flows rather than 
temperature will be the dominant driver of growth variation. This is because flow is 
considered to have the over-riding influence on riverine ecosystems (e.g. see Junk et al. 
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1989, Poff and Allan 1995, Walker et al. 1995, Poff et al. 1997, Richter et al. 1997, 
Puckridge et al. 1998, Ward and Tockner 2001). 
The extreme variation in annual flow in the LEB is reflected in the adaptations shown by 
many of the biota and in the nature of the ecological processes in these rivers. Traits 
such as tolerance of extremes of water quality and food availability, generalism, 
mobility, reproductive flexibility, opportunism, rapid response and adaptive life-stages 
are examples of organism-level responses to this stochastic environment, while boom-
bust dynamics exemplify ecosystem processes (e.g. Deacon and Minckley 1974, Kodric-
Brown 1981, Williams 1987, Collins and Anderson 1995, 1997, 1999). In particular, 
flow dictates the amount and quality of resources and therefore growth efficiency. 
Annual patterns of river discharge were indeed significantly correlated with golden 
perch growth in both the Diamantina and Cooper (Fig. 5). (Long-term growth and 
discharge data were not available for the smaller Neales River). Years of above median 
flow tended to result in above average adult fish growth (Fig. 5) as well as good survival 
and long-term recruitment of young-of-the-year fish (cohort strength, Fig. 3), and the 
converse situation for below median flow conditions. This linkage between growth and 
recruitment fits the general paradigm whereby growth in the early years of life largely 
dictate survivorship and adult year class strength, principally via the mechanism of 
growth rate governing the duration of exposure to high levels of larval and juvenile 
mortality (Campana 1996). 
The role of flow in golden perch recruitment 
Evidence of close-to-annual recruitment was seen in both the Cooper and Diamantina 
rivers, although cohort strength was highly variable across years. The strongest cohorts 
were associated with serial floods and the weakest with drought (Fig. 3). This pattern of 
regular recruitment in the healthy and unregulated rivers of the LEB contrasts strongly 
with the regulated rivers of the MDB where, although still relatively common, 
populations have declined substantially over recent decades (Reynolds 1976, 
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Cadwallader 1978). Years of episodic and poor recruitment in the regulated rivers of 
Victoria have resulted in listing ofMDB golden perch as Vulnerable under the Victorian 
Flora and Fauna Guarantee Act 1988. Many factors have been implicated in their 
decline, but the most frequently cited include the construction of numerous barriers to 
fish passage (such as dams, weirs and levee banks), altered thermal regimes and the 
reduced frequency, extent and duration of flooding (Reynolds 1976). Together these 
factors combine to remove or reduce the incidence of spawning stimuli and conditions 
necessary for larval and juvenile survival, as well as limiting access to critical spawning-
and nursery- habitats. 
Fortunately, such extreme anthropogenic modifications are absent from LEB rivers, and 
consequently insights into factors associated with the successful recruitment of LEB 
golden perch may well have potential for application to restoration efforts for MDB 
golden perch populations. Findings from this study include that although recruitment 
occurred in most years, the strongest cohorts were indeed associated with flood years. 
This matches early MDB golden perch studies that prioritise flood years for successful 
recruitment (Lake 1967b, Mackay 1973), as well as studies of potamodrous fish in 
floodplain rivers worldwide (Merron et al. 1993, Welcomme 1995). However, this result 
is at odds with recent Australian literature where there has been a reduced emphasis on 
flood recruitment for MDB golden perch, a questioning of the quality and strength of 
evidence for floodplain use by any life-history stage (e.g. Humphries et al. 1999, 
Humphries and Lake 2000, Humphries et al. 2002, King et al. 2003) and promotion of 
greater spawning flexibility across a range of flow sizes (e.g. see discussion in Mallen-
Cooper and Stuart 2003). This study agrees with the finding of increased reproductive 
flexibility for golden perch, but questions whether the role of relative size of different 
flows on recruitment success can really be accurately assessed in the MDB. This is 
because the MDB system is so highly modified that it is confounded by many other 
anthropogenic changes and impacts than simple flow change. This makes it difficult to 
untangle relative impacts on in-stream communities and identify clear causal links 
between particular threatening processes and specific community responses (Mallen-
Cooper 1993). For instance, the failure of recent studies to detect strong recruitment of 
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MDB golden perch after floods when compared to in-channel flows could potentially be 
attributed to isolation and degradation of productive floodplain nursery habitats rather 
than flow-size per se (Mallen-Cooper and Stuart 2003). 
For the LEB, the value of large floods and clusters of floods across years, lie in the 
dramatic increase in available habitat and resources that promote rapid growth and 
reduce density-dependent competition and predation. This has obvious benefits for 
individual condition and survival and ultimately influences relative cohort strength. 
Large regional floods, often associated with intense tropical depressions (Roshier et al. 
2001 ), inundate thousands of square kilometres of floodplain and produced significant 
longitudinal (upstream-downstream) and lateral (main channel-floodplain) connectivity 
over hundreds of river kilometres. Many of the waterbodies on the primary flow 
channels remain connected for months, particularly in the lower reaches, and inundated 
areas on the floodplain persist for weeks to months after the flood passage. Two flood 
clusters occurred over the study period, 1989-91 and 2000-01 and both resulted in strong 
golden perch recruitment. This significant expansion in area of available aquatic habitat 
from 1987 to 1991 can be seen in Fig. 6, for the Coongie Lakes Ramsar Wetlands region 
of the lower Cooper. 
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Fig. 6. Cumulative area of lower Cooper Creek inundated by incoming floodwaters, 
mapped using NOAA-A VHRR data; the boxed areas contain the major lakes of the 
Coongie group and the northwest branch of Cooper Creek (all maps to same scale, 
reproduced with permission from Puckridge et al. 2000). 
Pulses of productivity when ephemeral habitats are inundated create important rearing-
and predator-refuge habitats for small juvenile golden perch. For instance, habitat 
expansion, nutrient influx and nutrient release when sediments are wetted (Baldwin and 
Mitchell 2000) are linked to increased plankton (Fisher and Willis 2000) and 
macroinvertebrate production (Boulton and Lloyd 1992, Benke 2001), essential for rapid 
larval growth and increased likelihood of survival (Culver and Geddes 1993). Serial 
floods also enable organisms to disperse more widely and reach more secure habitats 
(Puckridge et al. 2000), especially in erratic environments where stranding and mass 
mortalities are common when disconnected and ephemeral habitats become intolerable 
or dry out (e.g. Ruello 1976). 
In addition to serial floods, hydrological context appears to play an important role in 
determining the strength of the recruitment response. Over the 1989 to 1991 flood 
cluster, the cohorts that were strongest were 1989 and 1990, the first two years of the 
flood cluster, even though 1991 was the year when the area of potential habitat was at its 
maximum. It is suggested that individuals spawned in the first two years of serial flood 
conditions may have greater long-term recruitment success than those spawned in the 
final year of a flood cluster for four reasons associated with relative productivity, 
density-dependence, connectivity and relative body size before onset of drought 
conditions. 
Firstly, the productivity pulse is greatest when previously dry areas of habitat are 
inundated (1989), whereas by the time of the third flood year (1991), much of the 
organic material is likely to have become bound up in living organisms, reducing 
productivity and available food resources for rapid juvenile growth. This pattern of good 
growth in the first two flood years followed by reduced growth efficiency in the third 
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flood year has been recorded by pastoralists for terrestrial LEB ecosystems 
(Edmondston 2001). In the third flood year, significant vegetation resources appear 
readily available but declines in cattle growth and production occur, perhaps through a 
decline in nutrient quality, not quantity of vegetation (Edmondston 2001). If this decline 
in nutrient availability also holds true for aquatic LEB ecosystems, then reduced growth 
and condition in the third flood year would be expected to result in lower juvenile 
survivorship and weaker cohorts. Secondly, juveniles spawned during the early flood 
years are suggested to have a density-dependent advantage, with substantial resources 
available for a relatively small number of competitors. By the time of the third flood 
year, ramped increases in abundance (Puckridge et al. 2000, Pritchard et al. 2004) will 
greatly increase competition and predation risk from previous cohorts and other macro-
camivorous species, also resulting in decreased survivorship and cohort strength. 
Thirdly, serial floods are hypothesised to allow individuals spawned during the early 
flood years to move downstream to take advantage of productive but ephemeral nursery 
habitats, but then good connectivity in the following years permits individuals to locate 
and retreat to more persistent main-channel and refuge habitats. The majority of the 
retreat movements are expected to occur in an upstream direction to counteract the 
significant downstream displacement of larvae and juveniles. Fourthly, a larger body 
size and fat reserves achieved after a series of flood years will allow golden perch 
spawned on the early flood years to dominate resources (preferred habitats or food) 
under restricted and competitive conditions as well as possess the increased 
physiological reserves and tolerances required to persist through drought (e.g. see 
review by Sogard 1997). 
If the described pattern holds true for other flood clusters, then it is anticipated that 
the 2000 cohort, not the 2001 cohort, will become dominant in the LEB rivers over 
the next decade or so. This can be tested with the collection of further otolith samples 
to track their relative recruitment success in the region. 
Although the above discussion emphasises the role of large floods in the ecology of 
golden perch, the boom phase of the classic boom-bust ecology in the LEB region 
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(Predavec 1994, Walker et al. 1997), it is essential not to under-estimate the 
ecological value of the low and medium flows for maintaining the integrity of refugia 
(Thoms and Sheldon 2000). For example, this study only detected a single cohort of 
young golden perch on the Neales River, spawned on the large floods of 2000. 
Although the parents of these offspring were never captured, they must have been 
present in the Neales River before the arrival of the 2000 floods, as the last large 
flood on the Neales prior to 2000 occurred in 1992 (Justin Costelloe, ARIDFLO 
hydrologist, pers. comm.). The most likely explanation for the 2000 cohort is that a 
small number of golden perch survived in the Neales River, being maintained in 
refugia by small- and medium- top up flows until individuals were able to spawn 
successfully on the floods of 2000. 
Resistance and resilience to drought 
Floods act to connect fish populations and support recruitment, but the converse 
situation is of course drought, which acts to fragment populations and results in drastic 
declines in population abundance (e.g. see recent reviews by Lake 2003, Magoulick and 
Kobza 2003, Matthews and Marsh-Matthews 2003). Direct effects of drought include 
reduced habitat area and loss of connectivity, indirect effects include decline in water 
quality, change in food resources and alteration to the strength and structure of inter-
specific interactions (Lake 2003). Under disconnected drought conditions, local habitat 
characteristics and biotic interactions (predation, competition, disease, etc) become more 
influential and assemblage structure diverges along unique successional trajectories for 
different waterholes according to species' life-history traits and the spatial and temporal 
structure of the ecological processes that control species' distributions (Moloney and 
Levin 1996, Sheldon et al. 2002). Persistence of golden perch during drought is 
therefore dependent upon whether individuals are able to tolerate local environmental 
conditions (biotic and abiotic) and/or whether some individuals were able to successfully 
disperse before loss of connection in order to track the shifting spatial mosaic of suitable 
environmental conditions (Thomas 1994). 
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Evidence of both resistance and resilience to drought for LEB golden perch were 
obtained from the otolith and ARID FLO field survey data. Resistance in this context can 
be defined as individual survivorship and tolerance to drought conditions, whereas 
resilience can be defined as population recovery (abundance and distribution) after 
drought. The recruitment data in Fig. 3 showed that even during low-flow years, 
spawning and juvenile survival was maintained (albeit at low levels) and that individuals 
tolerated the harsh environmental conditions of 1993 and 1996 but showed reduced 
growth (Fig. 5). This poor otolith growth was also seen in the somatic growth record 
during ARIDFLO sampling of the one-in-twenty year drought of February 2003. 
Stressful conditions in isolated pools often included overcrowded and restricted habitat 
areas of low structural complexity, high temperatures, increased salinity, high nocturnal 
biological oxygen demand from algal blooms, and significant disease incidence 
(Pritchard et al. 2004). Many golden perch had empty stomachs indicating either a lack 
of suitable prey and/or a reduction in behavioural activity to conserve metabolic 
reserves, observations which match the results of experimental studies examining 
physiological responses to starvation in this species (Collins and Anderson 1995, 1997, 
1999). It is therefore suggested that LEB golden perch are well adapted to surviving 
through periods of unpredictable food availability and stressful environmental 
conditions, displaying reduced growth and recruitment i.e. they are resistant to drought. 
The resilience or recovery of golden perch populations following drought is evidenced 
by the rapid improvement of fish growth when above median flow years return after 
periods of drought (e.g. in 1995 and 1997, Fig. 5). Furthermore, following localised 
extirpations, ARIDFLO field data recorded hundreds of golden perch juveniles 
dispersing and establishing into freshly inundated habitats across the landscape within 
weeks of flows returning (Pritchard et al. 2004). This highlights the critical importance 
of fish migration, the large spatial scales over which fish communities operate and the 
importance of connectivity in the system for maintaining fish community integrity. 
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Combined together, the resistance and resilience of golden perch to flood and drought 
disturbances in the LEB, means that these arid-zone populations currently pass the 
'fitness test' of Whitford et al. (1999). However, although LEB golden perch are 
currently resilient to patchy local-scale extinctions and resistant to poor environmental 
conditions, their dependence upon the persistence of relatively small numbers of 
waterholes that retain water through drought heightens their vulnerability to chance 
extirpation (Fagan et al. 2002). Furthermore, the reliance of fish communities of 
downstream reaches upon the quality and integrity of refugia more commonly located in 
upstream reaches, means that any future water extraction plans for the better-watered 
headwaters will likely impact the fish fauna of the whole river, not just the local site 
where the water extraction is planned. Therefore, effective flow management of LEB 
rivers requires recognition that local-scale decisions will potentially impact fish 
communities over large spatial scales. 
Vulnerability in the region is exemplified by the small Neales River whose aquatic-
dependent fauna are entirely reliant upon the persistence of a single deep waterhole. 
This is of particular management concern as the one and only refuge waterhole is 
located next to the major highway in the region, the Oodnadatta track, with 
unrestricted and escalating public access increasing the chance that a catastrophic 
event could occur. However, given the Heritage classification of the site due to the 
proximity of the Old Ghan railway, public access will never be totally excluded. One 
option to reduce the risk of extinction of the Neales River fish fauna may include 
enhancing or creating new refuge habitats elsewhere on the river where public access 
is limited. This approach has proved successful in the Unites States. For example, 
Winemiller and Anderson (1997) report on the creation of a shallow channel to 
provide habitat for two endangered fishes, Comanche Springs pup fish ( Cyprinodon 
elegans) and Pecos gambusia (Gambusia nobilis), at the site of the fishes' former 
natural habitat that was destroyed by the creation of an irrigation canal system. 
Although the created habitat was not of as high an ecological value as the original 
cienega (marsh), it nevertheless allowed the two endangered desert fish species to 
continue to exist in the wild. 
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Summary 
In summary, golden perch are well adapted to resist and recover from regular drought 
and flood disturbances. A longevity greater than the average return for floods in the 
system, and flexible and opportunistic growth and recruitment all combine to make 
golden perch well suited to the highly variable hydrology of Australia's desert rivers. 
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Divergent life-histories: 
Age and growth over modern space and through 
evolutionary time 
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Abstract 
This chapter compared the age and growth of golden perch at two extremes of their 
extant range with Pleistocene remains of the same species 20-17 ,OOOyears ago (calendar 
years). This was in order to estimate life-history divergence across modem populations 
as well as investigate the extent of change over thousands of years. The two modem 
populations were sourced from the cool-climate, regulated rivers of the southern 
Murray-Darling Basin (MDB) and the warm, intermittent and unregulated rivers of the 
Lake Eyre Basin (LEB). The Pleistocene otoliths were from the dry Willandra Lakes in 
the MDB, dated back to an oscillatory lake phase shortly after the last glacial maximum 
(approximately 6-9°C cooler than modem). Although there have been no major changes 
to otolith maximum dimensions, substantial age and growth differences were described 
for fossil and modem samples. In particular, older age classes were far more common 
for Pleistocene golden perch (up to 43years) when compared to their modem 
counterparts (up to 26 years). Otolith increment widths at age were also narrower than 
modem, interpreted as representing much slower somatic growth during a cooler climate 
phase. Comparisons among modem populations revealed that age distributions were 
similar for LEB and MDB populations, even though it was expected that the lower 
mortality MDB environments would result in a greater frequency of older age classes. It 
is suggested that this lack of older age classes may represent a legacy of commercial 
over-exploitation during the 19th and 20th Centuries as well as a disruption of ecological 
processes through river regulation. Comparisons of modem otolith growth patterns 
revealed that the LEB population had wider increment widths-at-age when compared to 
the MDB, most likely as a function of longer growing seasons, warmer temperatures and 
faster growth. Although spatial divergence in life-histories was recorded across golden 
perch's extant range, the differences over modem climate extremes were nowhere near 
as substantial as the growth and longevity changes that have occurred temporally over 
the last 20,000 years. Finally, an initial investigation of the longitudinal otolith growth 
patterns of Pleistocene fish was undertaken for two 43year old otoliths collected from 
the same midden. Otolith growth chronologies were successfully pattern matched, and as 
one was a left and the other a right otolith, it was tempting to conclude that these otoliths 
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originated from the same fish and have been re-paired after 17,000 years of separation. 
The inter-annual growth variation of these two otoliths tentatively appeared correlated 
with changes in water level (assessed through changes in Sr/Ca ratios), which matches 
the influence of variable discharge on the growth of extant golden perch. In conclusion, 
fossil otoliths clearly retain their internal growth structures and show much promise as a 
new proxy for reconstructing high frequency climate variations (water level and 
discharge) through measuring inter-annual growth variability. 
Introduction 
Life-histories can be defined as the suite of traits that affect an organism's schedule of 
reproduction and mortality (e.g. longevity, growth rate, age- and size- at maturity, etc), 
which together modulate the lifetime reproductive output or fitness of the individual 
(Steams 1992). Natural selection acts to optimise fitness, and over the course of 
evolutionary time there will be selection for those genotypes in a population with the 
schedules of birth, death, growth and fecundity which result in the greatest number of 
reproductively successful descendants (Cole 1954). Traits closely associated with fitness 
(life history traits) appear to evolve at least as fast as traits less closely tied to fitness 
(morphology) (Kinnison and Hendry 2001). Many studies have examined patterns of 
life-history variation, taking either a temporal- or spatial- approach in their manipulative 
or comparative designs (e.g. see Roff 1992 for examples). Investigating life-histories for 
a population over the course of several generations gives insight into micro-evolutionary 
processes, whereas investigating the range of life-histories for widely dispersed 
populations with a common ancestor, more appropriately gives insight into patterns of 
divergence (Hendry and Kinnison 1999). However, tracking life-histories over several 
generations or focusing on ecological space-for-time substitutions and divergence are 
entirely inadequate for determining the degree to which life-histories can change over 
truly evolutionary timescales i.e. thousands of years. 
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One of the potential paradoxes of evolution is that some species have been able to persist 
through major glaciation cycles in the Pleistocene apparently without change (Bennett 
1997). Yet fundamental to Darwinian views on evolution, is the expectation that 
individuals respond to changing climate and environment by showing gradual 
phenological changes through natural selection over successive generations (Bennett 
1997). However, this is only a paradox if one expects to observe major morphological 
changes in the fossil record. To explain this paradox, it has been suggested that species 
can absorb environmental change 'ecologically' rather than 'macro-evolutionarily' (Roy 
et al. 1996, Parmesan et al. 2000). This chapter therefore aims to determine how life-
histories (age and growth) differ between Pleistocene and modem golden perch as one 
potential aspect of this ecological absorption process of dealing with change, rather than 
the more commonly studied range shifts (e.g. Coope 1979, Eldredge 1986, 1989, 
Parmesan et al. 1999, Kaustuv et al. 2001). 
Previous chapters have demonstrated the value of extant golden perch otoliths for 
developing decadal growth chronologies that were correlated with discharge variability 
and El Nifio Southern Oscillation activity (ENSO). This chapter takes advantage of the 
fact that golden perch were just as abundant during the Pleistocene as they are in modem 
Australia. Many hundreds of fossil otoliths have been collected by archaeologists, 
eroding out of Pleistocene sand dunes around the edge of the ancient Willandra Lakes. 
Indeed, the entire lower Darling area of western New South Wales has been the focus of 
considerable geomorphological (Bowler 1970, Bowler and Magee 1978, Bowler 1998), 
and archaeological attention (Bowler et al. 1970, Allen 1972, Shawcross and Kaye 1980, 
Allen 1983, Allen 1986, Balme and Hope 1990, Balme 1990, Hope 1993, Balme 1995, 
Bowler and Magee 2000). This study was fortunate to be able to access several hundred 
golden perch otoliths collected by Allen (1972) and Kefous (1977), with their 
characteristic species-specific shape (Degens et al. 1969) facilitating accurate 
identification. 
The aim of this chapter is to compare the age and growth of golden perch at two 
extremes of their extant biogeographic range with that of Pleistocene remains of the 
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same species 20-17,000years ago (calendar years, cal.). In this way divergence in life-
histories across modem populations can be investigated in addition to evolution over 
thousands of years. The two modem populations for comparison include golden perch 
from the cool-climate, regulated rivers of the southern Murray-Darling Basin (MDB) 
and the warm, intermittent and unregulated rivers of the Lake Eyre Basin (LEB). 
Ancient Willandra Lake samples in the Southern Murray-Darling Basin form the 
evolutionary comparison, and originate from an oscillatory lake phase (Mulurulu 
(Bowler 1998) shortly after the last glacial maximum (20ka cal., where cal. denotes 
calendar years not radiocarbon years) when average annual temperatures were estimated 
to be around 6-9°C cooler than modem (Miller et al. 1997). These comparisons will 
determine if 'ecological' absorption of change through life-history plasticity is indeed a 
feasible explanation for apparent evolutionary 'stasis'. 
Materials and Methods 
Study area 
A map of the locations when~ modem and fossil golden perch otoliths were collected is 
displayed in Fig. 1. There were three main sources of otoliths, extant otoliths from the 
southern Murray-Darling Basin and central Lake Eyre Basin, and fossil otoliths from the 
Willandra Lakes. 
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Fig. 1. Map of the four drainage basins where extant golden perch occur. Locations 
where modem golden perch otoliths were collected are marked as white squares in the 
Lake Eyre and Murray-Darling Basins. The black square marks the location of the 
source of fossil otoliths for this study, Willandra Lakes in western NSW. 
The rivers of the southern Murray-Darling Basin 
Rivers of the southern Murray-Darling Basin (MDB) are characterised by winter-
dominant rainfall and snowmelt from alpine regions (Young 2001 ). However, this region 
of Australia has been significantly modified and impacted by river regulation (see 
reviews by Walker 1985 and Kingsford 2000) and golden perch have been over-
exploited by commercial fishing, which was particularly intense from the 1880s to the 
1930s (Cadwallader 1978, Rowland 1989). Thus, golden perch from the southern MDB 
incorporate a legacy of over-exploitation and ecological modification arising from river 
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regulation and can hardly be considered 'natural' representatives of climate-ecology 
linkages. Nevertheless, these populations were deemed valuable for comparative life-
history purposes as the Australian Capital Territory (ACT) populations are at the cool-
climate extreme of golden perch's extant biogeographic range, and Chapters 3 and 4 
demonstrated that there are still strong links between MDB fish growth, water levels and 
activity of the El Nino Southern Oscillation (ENSO). 
Seven collections of otoliths were used to characterise golden perch growth in the 
southern MDB. Running from upstream to downstream, the seven populations included 
Googong Reservoir, Lake Burley Griffin, Lake Ginninderra, the Murrumbidgee River 
around Canberra, Lake Burrinjuck, the Murrumbidgee River near Narranderra, and 
Torrumbarry weir on the Murray River. Upstream and downstream populations were 
separated by over 1,000 river kilometres, and further details of these otolith collections 
were provided in Chapters 3 and 4. 
The intermittent rivers of the Lake Eyre Basin 
Golden perch in the intermittent rivers of the LEB inhabit a highly stochastic 
environment where boom-bust dynamics exemplify ecosystem processes (e.g. Williams 
1987). Flow regimes are subject to a summer-monsoonal climate as well as supra-
seasonal cycles associated with transient tropical depressions (Roshier et al. 2001). 
Large floods in particular are associated with tropical cyclones, the occurrence and 
intensity of which are positively correlated with strong La Nina phases of the ENSO 
climate phenomenon (Allan 1985, Kotwicki and Allan 1998, Puckridge et al. 2000). 
Extreme flow variability is therefore an important characteristic of these aquatic 
ecosystems, with rivers naturally fluctuating between an inland sea of floodwaters and a 
handful of isolated wetlands or waterholes (Puckridge et al. 1998). Golden perch from 
the LEB are assumed to represent a virtually unexploited and 'natural' stock. This is 
because there has been no commercial fishery, with the exception of a small single-lake 
fishery, Lake Hope, that operated for four years following flooding in 1990 and 2000. 
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Further, recreational fishing is greatly limited due to the remoteness of the region and as 
the rivers are unregulated and minimally impacted by anthropogenic activities, they 
retain intact ecological processes and communities (Choy et al. 2002, Costelloe et al. 
2004). LEB populations are at the upper thermal extreme of golden perch's modem 
biogeographic range, but as was seen in Chapter 5, it is the extreme flow variability of 
the region that has greatest impact on this species' growth and recruitment. Three rivers 
were sampled over 2000 to 2003, Cooper Creek and the Diamantina River to the east of 
Lake Eyre as well as the much smaller Neales River to the west of Lake Eyre. Further 
details of these samples can be found in Chapter 5. 
The ancient lakes of the Willandra Lakes World Heritage region. 
The World Heritage Willandra Lakes are currently a series of dry lakes that occur in 
western New South Wales and cover an area of 10,000 sq. km (Bowler 1970) (Fig. 2, 3). 
The lakes were once a series of overflow lakes fed by Willandra Creek, a distributary of 
the lower Lachlan River that drained the south-eastern highlands of NSW. When full, 
water flowed through to the Murrumbidgee River as the Willandra channel leaving the 
lakes can be traced southwards through the dunefields for over 1 OOkm (Bowler et al. 
1985). Like the current southern MDB, seasonal floods were likely associated with 
winter rainfall and spring snow-melt (Bowler 1970). 
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Fig. 2. Landsat image of Willandra Lakes in the Mallee region of western NSW. The 
lakes were once fed by the Lachlan River but have been dry for at least 1 7-16ka cal. 
Willandra Lakes 
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Fig. 3. Lakes and geomorphic features of the Willandra Lakes. (Modified from Bowler 
1990). 
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The pioneering geomorphological work of Jim Bowler in the 1970's elucidated the 
broadscale climatic history of these lakes using defined sedimentary sequences (Bowler 
1976, Bowler and Magee 1978). Four distinct climatic phases have been defined; 
Mungo, Zanci, Arum.po and Mulurulu (Bowler 1998). Mungo phase corresponds to ca. 
40 to 35ka cal. when lakes were full and formed permanent lacustrine environments. The 
Arum.po unit covers 35 to near 22ka cal., a period of oscillating water levels that led into 
the major Zanci drying phase (22ka to between 20-19ka cal.). Following this major 
drying, waters briefly returned to lakes Mulurulu, Garnpung and Leaghur for the 
Mulurulu phase (19-17.5ka cal., Bowler 1998), but flows were probably insufficient to 
reactivate the whole overflow system (Bowler, J. et al. 1985). Since 17.5ka cal. the 
Willandra Lakes have remained dry. 
Air temperatures at the end of the Zanci drying phase and last glacial maximum (around 
20ka cal.) are estimated to have been 6-9°C cooler than the average annual temperature 
today (Miller et al. 1997), with winters likely being more severe (Bowler 1998). 
However, precipitation patterns were probably similar giving rise to the semi-arid/arid 
conditions that are still maintained today (Bowler 1970). The Willandra Lakes were also 
likely to have had similar fauna and vegetation as the present day, as the faunal remains 
collected from middens are composed of the same species recorded by early European 
explorers in the nineteenth century (Allen 1972, Allen 1983). 
The Willandra Lakes have been classified as World Heritage due to their immense 
cultural significance. The lunettes (shore-side dunes) preserve large quantities of 
archaeological material associated with a long history of Aboriginal occupation over at 
least 40,000years (Bowler et al. 1970). It is thought that the lakes were once used by a 
small localised Aboriginal population whose generalised hunting and gathering economy 
was focused on the exploitation of the lakes and nearby plains for at least some of the 
year and possibly the entire year (Allen 1983). Around the shores and lunettes there are 
concentrations of shell middens, campfires and other Aboriginal sites, that have yielded 
over 3,000 golden perch otoliths (Allen 1972, Kefous 1977, Shawcross 1998). 
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Dr John Kalish, Australian National University, radiocarbon-dated thirty-three otoliths 
from these archaeological collections and found them to be associated mainly with the 
Mulurulu oscillatory phase shortly after the last glacial maximum. However, there were 
a few exceptions, with five dated back to the Mungo lacustral phase associated with 
surface scatter and trench excavations (not in association with hearths or middens). 
There was strong concordance in the range of dates within each archaeological site, 
supporting the contention that although artefacts accumulate over time, their deposition 
would have occurred as discrete events (Shawcross 1998). Active dune building and 
alkalinity during the Mulurulu oscillatory phase gave rise to conditions favourable for 
archaeological preservation (rapid burial and alkaline sedimentary environments). 
Further, although the Willandra Lakes area has been subject to significant erosion, no 
major geomorphic events occurred over the Holocene to reshape the landscape (Wasson 
1985) and dune mobilisation was halted by colonisation of stabilising mallee vegetation 
(Allen 1986), all combining to explain the excellent preservation of the Pleistocene 
material. 
Archaeological collections that provided otoliths for use in this study are briefly 
described below. Further information can be found in (Allen 1972, Kefous 1977, 
Shawcross and Kaye 1980, Allen 1986, Shawcross 1998). 
Mungo.I 
This site is an eroded area on the south-east end of Mungo lake about O.Skm southwest 
of the Walls of China (Mungo' s lunette or dune). Mungo.I is of especial anthropological 
interest as this where the first Pleistocene cremated human remains were discovered at 
Willandra Lakes (Bowler et al. 1970). The site is about 500m long and has a 
concentration of carboniferous sediments to the east of the cremation spot. These burnt 
sediments are circular and roughly 0.5-lm in diameter and have been interpreted as 
fireplaces (Jones and Allen in Bowler 1970). In 1972, Harry Allen intensively collected 
faunal remains from selected areas of these burnt deposits and in addition to land 
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mammals, lizards, bird eggs and shellfish, uncovered 172 golden perch otoliths (Allen 
1972). 
Mungo Surface Collection 
The surface collection of Keryn Kefous was carried out on the south-western end of 
Lake Mungo from 1973 to 1976. A grid of20m3 was pegged out over an area of sparse 
vegetation with a few native and introduced xerophytic shrubs. Most of the grid 
contained undifferentiated Mungo and Zanci soil units and otoliths generally appeared to 
be in situ (Kefous 1977). This surface of this grid was examined for otoliths eroding out 
of the sediments over a period of three years and 935 whole otoliths were collected 
(Kefous 1977). Fourteen otoliths were radiocarbon dated by John Kalish, and all dates 
were converted to calendar years with the equation: Z=(-5.85xl0-6)Y2+1.39(Y)-1807 
Where Z=calendar years and Y=radiocarbon years, following the formula of (Miller et 
al. 1997). Twelve dates associated with several hearths were located between l 7-16ka 
BP ± 390 radiocarbon years, or 20-l 9ka cal. and the Mulurulu oscillatory phase. The 
remaining two otoliths were associated with an erosion gully that dated back to 36-33ka 
BP ± 950 radiocarbon years, or 4l-38ka cal., which places them from the Mungo 
lacustral phase. These otoliths are likely to have been eroded and transported from older 
surrounding sediments. Many more otoliths dating back to the Mungo phase have been 
found at Lake Mungo from the trench excavations of Wilfred Shawcross (several 
radiocarbon dates of John Kalish not presented here), but this lacustral climate phase is 
not considered in this study. 
Mungo Top Hut Buriall 
This excavation of a human burial was carried out by Macintyre on the north-west end 
of Mungo lunette, and golden perch otoliths were collected by Kefous (1977). Seventy 
golden perch otoliths and other artefacts were uncovered at least 1 Om above the highest 
lake levels, with the implication that they were remnants of food collected by Aboriginal 
peoples. Two otoliths were weighed, sectioned and radiocarbon dated by John Kalish to 
circa 16ka BP± 350 radiocarbon years, or 19ka cal. This places these otoliths at the start 
of the Mulurulu oscillatory phase. 
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Mulurulu.I 
Mulurulu.I is at the southern end of the lunette and consisted of a series of nine small 
shell middens running parallel to the lake shoreline (Allen 1972). The majority of the 
animal and fish remains were associated with the five southernmost middens, three had 
no bone scatter and the most northerly of the middens had only a thin scatter of fish 
bone. The faunal sample collected by Harry Allen was taken from an area of 60m2 
pegged out in the centre of the bone scatter at the southern end of the site. Surface 
collections of this area resulted in 279 golden perch otoliths. Three otolith radiocarbon 
dates of John Kalish (circa 16ka BP ± 130 radiocarbon years, or 19ka cal) and two on 
burnt and unburnt shell by Allen (i972) (ANU880A and B, 15,120±235, 15,450±240 
radiocarbon years, or 18ka cal.) place these middens in the Mulurulu phase. 
Mulurulu.III.A 
Mulurulu III is at the far northern end of the lunette. Site A is lkm long and consisted of 
twelve small middens surrounded by a semi-continuous scatter of bones (Allen 1972). 
These middens were small, having a total estimated volume of only 6m3, and as all 
occurred in the same stratigraphic unit, they were considered together as a single 
archaeological unit. Material was collected from the surface within a gridded area. Many 
more animals than fish remains were uncovered and only 12 golden perch otoliths were 
identified. One otolith radiocarbon date of John Kalish (circa 15,500 BP ± 340 
radiocarbon years, or 18,500 cal.) and one on shell by Allen (1972) (ANU948B, 
15,560±240 radiocarbon years, or 18,400 cal.) placed these middens in the Mulurulu 
phase 
Mulurulu.III.B 
Site Bis directly to the north of middens 3 and 4 of site A and consisted of four small 
fireplaces surrounded by animal bones eroding out oflunette core deposits (Allen 1972). 
The stratigraphy of this site suggests an age similar to that of Mungo.1, around 
20,000BP, and fourteen golden perch otoliths were collected from these hearths. 
However, one otolith radiocarbon date of John Kalish (circa 18ka BP± 650 radiocarbon 
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years, or 21,700 cal.) places these hearths just over the boundary of the Arumpo/Zanci 
phase of Bowler6998). 
Gampung 
A sandy promontory on the western margin of Lake Gampung is the location of this 
midden site. Fish remains were collected by Allen (1972) from the south-eastern quarter 
of grid squares Gn.IA and B, however they were often eroded and poorly preserved. In 
total, 268 golden perch otoliths were collected in addition to eggshell fragments, 
crayfish gastroliths and mussel shell. Eight otolith radiocarbon dates by John Kalish 
placed these midden remains in the Mulurulu climatic phase (circa 15,500-14,500 BP± 
300 radiocarbon years, or 18-17ka cal.) as did a single shell date from Allen (1972) 
(ANU 373B 15,480 BP± 210 radiocarbon years, or 18,308ka cal.) 
The condition of ancient otoliths 
The otoliths of golden perch were readily distinguished from other species by their 
characteristic dorsal dome and deep sulcus acousticus (Fig. 4). Although some otoliths 
were hroken, most were well preserved, with the retention of their fine shape details 
(crenulations) dependent upon time since exposure. As the majority of surface otoliths 
collected by archaeologists were in situ and only recently exposed by erosion, much of 
their original shape was preserved. However, after exposure they have been found to 
rapidly erode by wind ablation and disperse (Balme and Hope 1990, Shawcross 1998). 
In general, Pleistocene otoliths were an opaque brown (compared to the translucent 
white of modem otoliths) and to some extent were influenced by encrustation, 
weathering and fragmentation (Kefous 1977). Only a few cases of diagenesis of the 
aragonitic otolith material were recorded (Kefous 1977). 
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Fig. 4. Diagram to illustrate the species-specific shape of golden perch otoliths. A. 
modem golden perch with the characteristic dorsal dome, B. ancient golden perch otolith 
from Willandra Lakes, and C. a modem Murray cod otolith (Maccullochella peeli peeli, 
Percichthyidae ). 
Otolith external dimensions 
The lengths of complete oto1iths were measured as the maximum distance between the 
anterior and posterior ends to the nearest O.lmm using Vernier callipers. The depths 
were measured as the widest d01sal-·ventral distance, typically around the anterior peak 
of the dorsal dome. Otoliths were also weighed to the nearest O.OOlg using a Mettler 
AE160 digital balance. A total of 1,675 otoliths were available for the MDB, 436 for the 
LEB, and 838 for Willandra Lakes. 
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Otolith ageing and measurement of internal annual growth increments 
Modem otoliths were aged by examining transverse thin-sections under transmitted light 
(Chapters 3 and 5), and growth increments were measured using the Biochronology 
macro (Chapter 2). However, Pleistocene otoliths proved more challenging as opaque 
sections required a combination of transmitted and dark field illuminations in order to 
identify all the annual increments and obtain images clear enough for measurement (Fig. 
5). Common difficulties encountered included 'hidden' annual increments in opaque 
edges under transmitted light and differential edge erosion, which required careful 
scanning of the entire proximal surface to detect any 'missing' increments. Further 
difficulties were caused by checks, as unclear sections made it difficult to determine 
whether they continued around the whole otolith surface or were of a different optical 
nature to opaque zones. Experience in ageing modem otoliths with frequent checks 
nevertheless aided in their discrimination. 
For a sub-sample of 50 otoliths from Mungo 1 (Harry Allen collection), presumed annual 
increment widths were measured using the Biochronology macro as described in 
Chapter 2. 
A. Transmitted illumination 
Fig. 5. Transmitted and reflected microscope images of a thirteen year old Lake Mungo 
golden perch demonstrating the need for two light sources when ageing. A. displays the 
difficulties of clearly identifying annual increments hidden in opaque edges along the 
main measurement path when using transmitted light. B. Shows improved clarity of 
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increments near the edge under dark field illumination, but reduced clarity in the early 
years of life. The black lines in B. denote the presumed annual increments. Note that 
both these images have had their contrast and brightness modified with Adobe 
Photoshop software for clarity of presentation. Microscope images are typically far less 
clear without digital manipulation. 
Cross-sectional otolith growth 
In order to reconstruct broad differences in otolith growth-at-age, increment widths for 
the LEB, MDB and Willandra Lakes were fitted with negative exponentials with lower 
asymptote terms following Pereira et al. 1995 (Equation 1). A non-linear fitting 
procedure in JMP3·2·6 (SAS Institute) was used to estimate the values and confidence 
limits of the parameters 81 82 and 83. 
' 
Equation 1. Modelling the ontogenetic decline in increment width with increasing age. 
- -82i Yi - 01 exp + 83 
Where i represents age and Yi represents the otolith increment accrued during the ith 
year (or growing season) of the fish's life. 
Cross-sectional somatic growth 
Chapters 2 and 3 demonstrated that otolith increment widths faithfully recorded relative 
somatic growth longitudinally, but it is also important to determine how differences in 
cross-sectional otolith growth (increment width-at-age) translate into somatic growth 
differences (fish total length-at-age). To this end, von Bertalanffy growth equations 
(Equation 2) were fitted to the length-at-age data for golden perch from the LEB 
(modem warm climate and hydrological variability extreme) and Goo gong reservoir 
(modem cool climate and stable lake extreme). A non-linear fitting procedure in JMP3·2·6 
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(SAS fustitute) was used to estimate the values and confidence limits of the von 
Bertalanffy parameters. Ten known age juvenile fish were added to all the datasets to 
help anchor each von Bertalanffy growth equation. Further, both datasets were cropped 
to the same age range (up to 15years) to improve the statistical robustness of the 
comparison. 
Equation 2. von Bertalanffy growth equation. 
-k(t-t-) 
Lt = L00 [I-exp -u ] 
Where 'Lt' represents mean length at age t, 'L00 ' represents asymptotic mean length 'k' 
' 
the rate constant determining how rapidly L00 is approached, and 't0 ' the nominal age at 
which mean length is 0. 
Longitudinal otolith growth 
Previous chapters demonstrated that modem increment width chronologies were highly 
synchronous among individuals and significantly related to variations in water level and 
discharge. However, creating average chronologies across many fish is far more 
challenging for Pleistocene fish. This is because even though Willandra Lakes otoliths 
have relatively tight chronological boundaries based on radiocarbon dates (John Kalish 
unpublished data) and were generally located in narrow stratographic horizons (2.5-8cm, 
Allen 1972), it cannot be assumed that all fish within a hearth or midden were 
necessarily caught at exactly the same time. Alignment and cross-matching of individual 
chronologies using characteristic sequences of growth years (pointer years) to produce a 
cross-dated master chronology is commonly practiced in dendrochronology (Fritts 
1976). However, this is unlikely to be feasible for golden perch given the relatively short 
segment lengths of fish compared to trees. Dendrochronology studies suggest that 
reliable cross-dating cannot be achieved for chronologies less than forty years in length 
as the chances of a growth pattern repeating in time increases as chronology length 
decreases (Cook and Kairiukstis 1990). Thus Pleistocene otolith growth chronologies 
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have value as individual records of growth-climate linkages, but it is unlikely that 
pattern matching will be feasible for the majority of golden perch from Willandra Lakes. 
Nevertheless, there were a few otoliths collected from the same location, Lake 
Gampung, that exceeded forty years of age and these were measured to determine if 
similar inter-annual growth patterns were recorded that could be attributed to 
contemporaneous living. Further to this, their microchemical records along life-history 
transects (from the primordium to the proximal edge) were analysed using a wavelength 
dispersive electron microprobe following the preparation and analysis methods of Kalish 
(1989). Strontium/calcium ratios (Sr/Ca) normalised by atomic weights were used to 
determine ifthe fish had experienced fluctuating water levels throughout their lives, with 
the assumption that strontium levels would have increased when water levels fell 
(increased salinity). This assumption has been upheld for modem golden perch 
inhabiting oscillatory arid environments in the LEB (Kalish, unpublished data) and 
therefore is likely to also be true for the fluctuating Mulurulu climate phase at Willandra. 
Results 
Comparison of age class frequencies 
Frequency histograms of age classes were plotted for the LEB, MDB and Willandra 
Lakes samples (Fig. 6). Three major patterns arose from these comparisons. Firstly, fish 
from Willandra Lakes lived to far greater ages than those estimated for extant golden 
perch collections. A maximum of 43 years for golden perch from Lake Gampung was 
recorded versus the modem maximum of 26 years for a fish from the Murrumbidgee 
River (Mallen-Cooper and Stuart 2003). This was not just a single outlier, as it is clear 
from Fig. 6 that older age classes were far more common than is the case in extant 
populations. Secondly, there do not appear to be any Willandra Lakes golden perch less 
than five years of age but this is partly due to focusing on sectioning heavier otoliths and 
partly due to a somewhat reduced likelihood of archaeological preservation and 
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detection of smaller otoliths. Thirdly, there appears to be no major differences in the age 
distributions for the extant LEB and MDB populations even though they are at two very 
different climate extremes of the biogeographic range. 
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No change in the range of external otolith dimensions 
Comparison of the distributions of otolith weight, length and depth for modem and fossil 
populations did not reveal any dramatic differences in otolith size and shape over the last 
20,000 years (Fig. 7, Table 1) even though there were large estimated age differences 
(Fig. 6). Only graphical exploration of the distributions was undertaken, for statistical 
tests were confounded by unknown- and substantial- differences in sampling methods 
for fossil versus modem and modem LEB versus MDB comparisons respectively. 
Willandra otoliths were only slightly shorter in length and depth than their modem 
counterparts even though they were estimated to be much older. Part of this slightly 
smaller size may have been due to some loss of material due to fragmentation and 
erosion, but this was considered unlikely to be a major source of bias as only un-
fragmented otoliths were measured. Otolith weights for Willandra samples tended to be 
heavier than the MDB, which fits with the age estimates of the Willandra samples being 
older, but they were of a comparable weight range to the much younger LEB samples. 
The comparison of otolith dimensions between modem populations showed that the 
lower latitude and warmer climate LEB golden perch had longer, deeper and heavier 
otoliths than the higher latitude, cooler climate MDB golden perch (Fig. 7). 
When otolith dimensions were plotted by age, otolith weight increased linearly with age 
whereas lengths and widths increased linearly with the logarithm of estimated age (Fig. 
8). There was almost no overlap between Pleistocene and modem golden perch, given 
the higher estimated ages for Willandra Lakes otoliths yet similar otolith dimensions to 
modem fish. Pleistocene otoliths were lighter, and smaller in length- and depth- at age 
than modem otoliths. For extant golden perch comparisons, LEB otoliths tended to be 
heavier, longer and deeper at age than MDB otoliths. 
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Fig. 7. Distribution of otolith dimension measurements for the Willandra Lakes fossil, 
MDB modem and LEB modem populations. Histograms of raw measurements are 
presented on the left of each panel and on the right are box-whisker plots representing 
the median as a horizontal line and the mean ± lS.E. as a diamond. The top panel 
displays otolith lengths (mm), the middle otolith depths (mm) and the bottom otolith 
weights (g). 
Table 1. Summary statistics of external otolith dimensions for the Willandra Lakes 
fossil, MDB modem and LEB modem populations. 
N 
Otolith weight (g) 
Willandra 838 
MDB 1176 
LEB 358 
Otolith length (mm) 
Willandra 261 
MDB 770 
LEB 361 
Otolith depth (mm) 
Willandra 163 
MDB 1218 
LEB 366 
Mean 
0.257 
0.241 
0.283 
13.0 
13.6 
14.2 
7.2 
7.6 
8.1 
S.D. 
0.152 
0.124 
0.153 
2.5 
2.2 
2.1 
1.5 
1.5 
1.2 
Median Maximum Minimum 
0.221 
0.231 
0.239 
13.0 
14.0 
14.0 
7.3 
7.8 
8.0 
1.022 
0.986 
1.037 
21.6 
18.4 
22.0 
11.2 
12.1 
11.7 
0.032 
0.029 
0.020 
6.7 
6.7 
6.4 
3.9 
3.5 
3.1 
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Fig. 8. Plots of estimated ages versus otolith weight (upper), length (middle) and depth 
(upper) for the Willandra Lakes fossils (open circles), MDB modem (closed triangles) 
and LEB modem populations (open squares). 
Otolith weight at age equations: Willandra Age= 36.86(weight) + 5.00 R2 = 0.72; MDB 
Age= 18.05(weight) + 1.02 R2 = 0.70; LEB Age= 14.97(weight) + 0.24 R2 = 0.74 
Otolith length at age equations: Willandra Age= 2.04e0·150ength) R2 = 0.53; MDB Age= 
0.65e0.1 6(1ength) R2 = 0.60; LEB Age= 0.20e0.2l(length) R2 = 0.63. 
Otolith depth at age equations: Willandra Age= l.30e0·29(depth) R2 = 0.70; MDB Age= 
0.70eo.2s(depth) R2 = 0.55; LEB Age= 0.29e032(depth) R2 = 0.47 
Cross-sectional otolith growth differences 
Examining the internal growth structures of modem and fossil otoliths revealed that 
Willandra Lakes otoliths had smaller increment widths at age with no confidence 
interval overlap with either the MDB or LEB populations for the mean profile (Fig. 9, 
Table 2). lncrement widths in the early years of life were virtually half that of modem 
populations, suggesting much slower growth, and older ages tended towards a smaller 
lower asymptote of 60.5µm (Table 2). Even though increments were relatively narrow 
compared to extant otoliths, measurement precision remained high ( <10% ), given the 
estimated operator precision of 5µm (Chapter 2). For modem fish, LEB otoliths had 
wider increments at age, but these were only different from MDB golden perch post-
maturity after four years of age. 
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Fig. 9. Ontogenetic relationships between increment widths at age, fitted with a negative 
exponential with a lower asymptote for the Willandra Lakes fossil, MDB modem and 
LEB modem populations. The upper panel displays the mean relationship for each 
population surrounded by confidence limits, and where N represents the number of 
increment width measurements. The lower panel displays the raw increment width 
measurements for each population, plotted separately given the large number of data 
points. 
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Table 2. Parameter estimates for the ontogenetic relationships between increment width 
and age, modelled by Equation 2. 
Parameter Population Estimate S.E. Lower C.L. Upper C.L. 
91 Mungo & Garnpung 299.42 15.15 270.43 333.31 
GoogongR. 757.33 15.45 727.21 789.9 
Cooper Ck 949.36 76.11 814.95 1128.82 
92 Mungo & Garnpung 0.26 0.02 0.23 0.31 
GoogongR. 0.50 0.01 0.47 0.52 
Cooper Ck 0.70 0.04 0.62 0.79 
93 Mungo & Garnpung 60.51 3.96 52.18 68.38 
GoogongR. 100.14 2.23 95.54 104.56 
Cooper Ck 148.56 5.21 137.75 158.66 
Cross-sectional somatic growth differences 
To determine how modem differences in cross-sectional otolith growth translated into 
somatic growth differences, von Bertalanffy growth equations were fitted to the MDB 
and LEB data (Fig. 10, Table 3). Golden perch from the LEB (high natural mortality) 
were much faster growing and rapidly reached a smaller asymptotic size than MDB 
golden perch (lower natural mortality) (Fig. 10). At older age classes, LEB fish laid 
down larger otolith increments (Fig. 9) but were much smaller in total length than MDB 
golden perch (Fig, 10). This demonstrates that there is no simple prediction of absolute 
somatic growth from otolith growth patterns, as the 'baseline' rate of annual otolith 
growth can vary across populations, although it has been shown in Chapters 2 and 3 that 
both otolith and somatic records preserve the same relative changes in longitudinal 
growth. 
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Fig. 10. The upper panel displays the von Bertalanffy growth equations (surrounded by 
confidence intervals) for the cool (Googong reservoir, MDB) and warm (Cooper Creek, 
LEB) climate extremes of golden perch's extant biogeographic range. The lower panel 
displays the length-at-age data for the two populations, plotted separately for clarity of 
presentation. 
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Table 3. Parameter estimates for the von Bertalanffy growth equation, modelled by 
Equation2, for the cool (Googong reservoir) and warm (Cooper Creek, LEB) climate 
extremes of golden perch's extant biogeographic range. 
Parameter Estimate S.E. Lower C.L. UpperC.L. 
Googong (N=713) Loo 552 14 527 585 
LEB (N=293) Loo 415 5 406 426 
Googong (N=713) k 0.17 0.01 0.15 0.19 
LEB (N=293) k 0.65 0.04 0.57 0.74 
Googong (N=713) to -0.35 0.14 -0.66 -0.10 
LEB (N=293) to -0.11 0.05 -0.22 -0.02 
Longitudinal otolith growth 
When examining the two 43year old otoliths from Lake Garnpung (one of which was 
radiocarbon dated to 17 ,909 cal.), several unusual growth patterns were identified that 
appeared similar between the two transverse sections. In particular, there seemed to be a 
strongly defined opaque zone at 21 years of age and another at 31 years (Fig. 11 ). When 
these sections were measured with the Biochronology macro, their relative growth 
profiles were virtually identical (Fig. 12). Growth was highly variable across years 
showing several periods of above- and below- average growth. Note that the more 
'recent' part of the chronology based on older increments trends negatively (after age 
30), but this is likely an artefact of fitting a negative exponential as the ontogenetic 
trend. Negative exponentials have often been found to fit the highly variable, steeply 
descending portion of the trend well, yet systematically under- or over-fit the less 
variable, flatter portion associated with older ages (Holmes et al. 1986). 
The pattern matching between ANU3 and Rl 8 also occurred with the microprobe 
transects of Sr/Ca ratios, with both .sections displaying two clear episodes of elevated 
Sr/Ca, assumed to represent drying phases (Fig. 13). The first 'drying' episode saw an 
increase in Sr/Ca ratios at 26-27 years, followed by a reduction in Sr/Ca ratios (a fresh) 
at 28 years of age. Age 29 saw an increase in Sr/Ca ratios back to average, whereas age 
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30 dropped with another fresh. From ages 31-33, the second longer and more intense 
drying period occurred, and then Sr/Ca ratios dropped once more over the ages 34-36, 
before slowly rising until the fish's death at 43 years old. The Sr/Ca peaks of the two 
drying episodes reached different heights for ANU3 and R18 (Fig. 13), most likely due 
to variation in the spatial resolution of where the microprobe beam sampled each year. 
As increments narrow greatly with age, the microprobe averages a greater portion of 
each year for the older age classes, potentially giving rise to the discrepancy in peaks 
due to alignment differences. 
Given that ANU3 was a left otolith and Rl 8 a right otolith, it was tempting to conclude 
that the left and right otolith from the same fish have been matched and re-paired after 
17,000 years of separation. At the very least, these results still demonstrate that golden 
perch otoliths can be successfully cross-dated with the aid of variable inter-annual 
growth patterns. Furthermore, synchronous growth fluctuations appear to be related to 
changes in Sr/Ca ratios and therefore presumed water levels just like modem fish (see 
Chapters 3 to 5). Years of above average growth, ages 3-8, 26-27, 32-33, 37 and 39 (Fig 
12) tended to correspond to increasing Sr/Ca ratios (Fig. 13), although not always (e.g. 
ages 14 and 19). Similarly, years of below average growth tended to correspond to 
decreasing Sr/Ca ratios (e.g. ages 28-30 and 35-36). However, although these tentative 
results show much promise, many more samples are needed and further interpretations 
await microchemistry validation studies. 
ANU 3 
(left otolith) 
8 
'(right otolith) 
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proximal 
surface 
Fig. 11 . kansmitted-light images of the two otoliths from Lake Garnpung 
that were both estimated to be 43years of age. Black lines highlight every 5 years of 
otolith growth (from ages 1, 5, 10, 15, etc up to 43 at the edge). 
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---a- - ANUS (left otolith) 
-o-R18 (right otolith) 
'?. 
i;:i 
I 
15 20 25 30 35 40 45 
Age (years) 
Fig. 12. Relative growth of ANU3 and Rl8, both aged as 43 from Lake Gampung. 
Relative growth values for each measurement were calculated as LN{ observed)-
LN( expected) increment widths at age. The expected increment widths were calculated 
by fitting a negative exponential with a lower asymptote as detailed in Equation 1 and 
Table 2. 
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Fig. 13. Microprobe transects (Sr/Ca ratios} across the proximal surface of each of the 
two 43year old golden perch otoliths collected from Lake Gampung. Timelines were 
created by viewing the thin-sections under reflected light to identify analysis craters and 
align analysis points to opaque zone numbers. Note that the increment widths of these 
timelines are meaningless as the microprobe transects ran at oblique angles across the 
otolith surface. 
20~ 
Chapter 6 -Life history divergence 
Discussion 
Assumptions made when using archaeological samples 
Before discussing the results of this study, it is essential to briefly consider six 
underlying assumptions as archaeological data are inherently biased (Shawcross and 
Kaye 1980). Cautions include the assumption that all otoliths associated with middens 
were once connected with Aboriginal activities rather than natural mortality and random 
deposition events. This seems a reasonable proposition, especially given the small 
discrete nature of most of the midden sites and especially for those otoliths sourced from 
middens well above the high water mark (Allen 1972). 
The second caution is that the method of fish capture is entirely unknown as is the 
resultant selectivity of the catch. It would be entirely misleading to assume that the catch 
of any ancient fishery is a random sample of the natural population (Shawcross 1998). 
Ethnographic inferences about ancient fishing practices have often been drawn from 19th 
Century accounts of early explorers witnessing Aboriginal fishing such as the use of 
nets, underwater swimming and spearing, and spearing from a canoe (see references in 
Allen 1972 and Balme 1995). However, this is no guarantee as to their validity 20,000 
years previously, especially as there are a diversity of methods to catch fish, any one, or 
a combination, having the potential to explain the size range of otoliths found in the 
Willandra Lakes middens. Therefore, otolith sizes are actually poor indicators of any 
specific mode of Aboriginal subsistence (Allen 1986). Further selective bias away from 
the original demographic composition may also be influenced by unknown post-catch 
processing and disposal methods. 
The third assumption made by this study was that otoliths of all sizes were preserved 
equally well. Given that rapid burial is a prerequisite to preservation (Balme 1995), it is 
likely that capping of midden deposits will have preserved the full range of otolith sizes 
in relatively stable alkaline sedimentary environments. However, upon exposure it is 
likely that erosion and fragmentation would have had greater impact upon smaller 
206 
Chapter 6 -Life history divergence 
otoliths, potentially diminishing their condition and preservation. This then leads to the 
fourth assumption, which is that archaeologists were equally likely to detect both small 
and large otoliths in their surveys. Although Kefous (1977) noted that many small 
incomplete otolith fragments were successfully collected from the Mungo surface 
collection, excavations that sieved sediments (Shawcross 1980 with 1/4 inch mesh) 
recovered smaller otoliths. This may help explain why young Pleistocene golden perch 
less than five were not detected in this study. Nevertheless!~s difficult to disentangle the 
l\ 
biological, selective, preservative and detective biases in otolith recovery, and thus this 
study assumed that there was no strong bias against any particular size of golden perch 
otolith. 
The fifth assumption was that otoliths within each midden encompassed a relatively 
narrow period in time. Most of the otoliths used in this study were sourced from discrete 
hearths and middens, sites that were believed to represent single short periods of 
occupation (Allen 1972, Kefous 1977). This is because the hearths typically consisted of 
one fireplace surrounded by a localised concentration of bones or shells and the middens 
were stratigraphically very thin, being confined to a single horizon typically less than 
2.5cm thick. The thirty-three radiocarbon dates carried out by John Kalish, ANU, upheld 
this assumption, finding discrete deposition events for each midden which together 
spanned the period 41-1 7ka cal. 
The sixth assumption was that the internal growth structure of otoliths have not changed 
since the death of the fish and the relationship between longitudinal otolith growth and 
relative somatic growth of ancient fish has not changed substantially from modem 
(Chapter 2). Validation of the ageing method is impossible for fossil samples, but an 
experience of modem golden perch otoliths across their full age range and majority of 
their distribution has allowed the author to become familiar with the typical annual 
growth patterns expected for this species. These patterns were clearly recognisable in the 
Pleistocene samples, including an opaque core region and faint first opaque zone effects, 
convincing the author that the supposed increments were indeed annual growth zones. 
The microstructure of fossil otoliths has also been shown to be well preserved for a 
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range of other species and studies (e.g. Hales Jr and Reitz 1992, Dufour 1999, Dufour et 
al. 2000, Andrus and Crowe 2002). 
Contrasting patterns of longevity 
Longevity is a difficult life-history characteristic to quantify accurately, for it is often 
greatly influenced by study design and collection methods. Therefore, this chapter's 
comparison of age distributions across modem populations and evolutionary time is 
potentially fraught with the danger of interpreting biased or artefactual patterns. 
Nevertheless, this approach was considered valid given the extensive sampling of 
modem fish and the large estimated age differences of Pleistocene fish from all those 
that have been recorded historically. Several studies have sampled thousands of golden 
perch across the southern MDB through angling, use of a range of gillnets, fykenets, 
fishway trapping and electrofishing (Battaglene 1991, Anderson et al. 1992a, Mallen-
Cooper and Stuart 2003) and some also included samples from the Murrumbidgee and 
Murray Rivers collected in the 1950's by J.T.O. Langtry. However, for all this intensive 
sampling effort, fish older than 26 years of age have not been recorded. Similarly the 
LEB was sampled intensively for four years over 2000 to 2003 by gillnets and angling 
(Chapter 5) and it is suggested that the maximum age of fifteen is a good first 
approximation of longevity, although it is likely to be somewhat of an underestimate. 
This study identified a pronounced difference in age estimates between fossil and 
modem populations, with older age classes up to 43years being far more common in the 
Pleistocene (Fig. 6). However, this finding is at odds with the interpretations of 
archaeologists who assumed that because external otolith dimensions (lengths, widths 
and weights) were similar to modem golden perch, simple regressions based on otolith 
length were sufficient to predict age (Kefous 1977). Both Allen (1972) and Kefous 
(1977) suggested that Willandra Lakes fish were generally young, being less than three 
and five years of age respectively. Although Allen (1972) makes mention of having 
prepared 'some' otolith thin-sections for age determination, there are no details of 
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methods, numbers of samples, results or images provided to substantiate this contention. 
Further, Allen (1972) noted that 'two of the smaller otoliths were from slightly older 
fish, indicating that they were either reared in an unfavourable environment or were 
from the smaller related species Macquarie perch'. This statement was made without 
having observed any Macquarie perch otoliths or thin-sections, and given their 
characteristic single dorsal dome, unlike the notched dorsal dome of golden perch, it is 
unlikely that Allen (1972) would have confused the two species. Further, Kefous (1977) 
found Macquarie perch to be uncommon in her Lake Mungo collections also 
diminishing the likelihood · that the small old otoliths belonged to a different species. 
Rather, this study suggests that these older age estimates from small otoliths better fit 
with the age estimations of this investigation. It was considered highly unlikely that this 
study significantly over-estimated fish ages, especially given the spectacular clarity of 
some of the Pleistocene otoliths, including both of the otoliths estimated to be 43years of 
age (Fig. 11 ). Computer imaging techniques have greatly improved the clarity of opaque 
thin-sections since the study of Allen (1972) and this has likely aided the accuracy and 
precision of age estimations for this study. 
When it came to comparing longevities between modem populations, no substantial 
differences were revealed, even though it was expected that the lower mortality MDB 
populations would have greater longevities than golden perch in the intermittent rivers 
of the LEB. This absence of older age classes may well be a symptom of population 
decline for golden perch in the MDB (Cadwallader 1978). Longevity is an important 
factor when interpreting declines in fish populations, for any change may be a result of 
environmental changes that occurred decades earlier. There are numerous examples 
where overfishing has resulted in crashes in abundance and loss of old age classes in 
large consumer species, similar in ecological function to the generalist macro-
carnivorous golden perch (see overfishing review by Jackson et al. 2001). 
Overexploitation of golden perch occurred during the commercial fisheries of the 19th 
and 20th centuries (Rowland 1989), and although freshwater fisheries had greatly 
declined by the 1950's and have now ceased in all states except South Australia, golden 
perch have also been hit hard by the effects of river regulation (see reviews of effects by 
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Walker 1985, Kingsford 2000). Thus, the absence of older age classes in the MDB may 
be a legacy of both historical overfishing and river regulation that have combined to 
inflate natural mortality rates. 
Growth variation 
Although tempting, it would not be valid to reconstruct the somatic growth (estimated 
with the von Bertalanffy growth equation) for Willandra Lakes fish given their different 
longevities and annual otolith growth patterns. Extrapolating the size of the fish from 
fossil otolith lengths based on a relationship derived from modem fish is often carried 
out by archaeologists (e.g. Mellars and Wilkinson 1980, Stanton-Hales Jr. and Reitz 
1992) but this study does not consider this a valid approach. This is because growth in 
otolith length virtually ceases post-maturity (Anderson et al. 1992a), thereby resulting in 
poor predictive power of the sizes of older age classes. Further, we cannot assume that 
the otolith-size fish-size relationship has remained static over time and this approach 
would also be making predictions well outside the range of the regression sample base 
(Stevenson and Campana 1992). 
For Pleistocene otoliths, annual increment widths at age were much narrower than both 
modem populations (Fig. 9). As accretion of otolith material has been found to strongly 
relate to temperate and metabolic rate (e.g. see Mosegaard et al. 1988, Wright 1991, 
Yamamoto et al. 1998), the lower temperatures, shorter growing seasons and more 
intense winters 20-17ka cal. are therefore likely to explain the narrower increments of 
Pleistocene golden perch. Given that somatic growth is also governed by temperature 
and metabolic rate, which often indirectly corresponds with otolith growth (e.g. Wright 
et al. 2001), then it is with some certainty that we can conclude that Willandra Lakes 
golden perch were slower growing than their modem-day counterparts. 
These ancient fish were also likely to have reached larger asymptotic sizes, given well-
known trade-offs between the demographic parameters of growth rate and asymptotic 
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size (Pauly 1980). Increased body size during periods of climatic cooling is predicted 
from Bergmann's rule and from physiological responses to temperature stress. Indeed 
Smith et al. (1995) demonstrated larger body size at the last glacial maximum for the 
bushy-tailed woodrat (Neotoma cinerea), by measuring fecal pellets preserved in 
palaeomiddens in the Great Basin and Colorado Plateau. Mortality rates also play a 
major role in the evolution of life-history traits and as mortality is positively correlated 
with growth rate (Roff 1992), then we can also infer that Pleistocene populations had 
lower natural mortality rates than modem golden perch. 
When comparing the extant LEB and MDB populations, differences in increment widths 
were found post-maturity (Fig. 9). The low latitudes of the LEB with their warmer 
temperatures and longer growing seasons are likely to account for the larger increment 
widths at older ages for LEB golden perch than higher latitude and altitude golden perch 
from the cool and highly seasonal Googong reservoir in the MDB. However, there was 
no simple translation between cross-sectional otolith growth patterns and somatic 
growth (von Bertalanffy growth equation). Although increment widths were larger-at-
age and fish growth was rapid in early years of life in the LEB (Fig. 9 and 10), fish 
growth in the high mortality intermittent river systems was characterised by smaller 
asymptotic sizes than the MDB (415 versus 552mm respectively, Table 3). In high 
mortality systems such as the LEB, delaying maturity is not a... good strategy for 
maximising lifetime reproductive output (Trippel et al. 1995), for it is more critical to 
reproduce once than not at all (Roff 1992). 
Pleistocene growth chronologies 
The resolution of the fossil record is often in the order of thousands of years, greatly 
limiting its resolving power to detect short-term, high-amplitude climate fluctuations 
(Roy et al. 1996). The power of climate reconstructions at the annual scale of temporal 
resolution has only really been enjoyed by dendrochronologists (e.g. see Fritts 1976). 
However, the fields of dendro-chronology and -ecology in Australia have only received 
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sporadic attention (Pea,rson and Searson 2002), due to complications with aridity and 
precipitation patterns often disrupting the annual periodicity of growth ring deposition 
(Norton 1990). With a lack of strong tree-ring chronologies for Australia, otoliths 
therefore offer potential to become new high-resolution climate proxies to fill the 
palaeoclimate 'black hole'. 
In order to use otolith growth patterns as a proxy for climate variability it is important to 
understand the detailed relationships between an individual's growth and its 
environment. This is especially true for fish given their plastic and indeterminate growth 
patterns, which respond to a complexity of internal (physiology, metabolism, behaviour) 
and external factors (food, competition, environment and climate) (Casselman 1987). 
However, growth-discharge linkages of varying strength were consistently found for 
modem golden perch (Chapters 3-5) and tentative microprobe results indicate that the 
same may hold true for Pleistocene fish (Fig. 12, 13). Fluctuations in Sr/Ca ratios 
(assumed to reflect water levels, with Sr/Ca increasing during drying episodes) were 
associated with otolith inter-annual growth fluctuations. Assuming for the moment that 
the Sr/Ca ratios analysed in this study were not significantly altered since time of 
deposition, then there are some interesting parallels between modem and Pleistocene 
fish growth. Dry ENSO years tend to be warm years in modem Australia, so if this holds 
true for the last glacial maximum, then warmer years may have boosted the metabolism 
and somatic- and otolith- growth of golden perch during periods characterised by 
elevated Sr/Ca levels. Very dry years with low water levels can reduce fish growth as 
was seen in Chapter 4 for populations across southeast Australia, but it is unlikely that 
water levels dropped to low levels during the two dry periods recorded in ANU3 and 
Rl8. Microprobe analyses undertaken on modem fish that died in a fish-kill in the 
intermittent Lake Hope in the LEB reached Sr/Ca ratios of 0.01 before death (Kalish, 
unpublished data). Assuming no difference in the salinity tolerance of ancient MDB and 
modem LEB golden perch and broadscale similarities in salt levels between systems 
(Willandra Lakes were indeed variably saline, Bowler 1998), both ANU3 and Rl8 only 
reached Sr/Ca levels half that of the stressful modem value (0.004 and 0.006 
respectively). However, much of this is highly speculative and further samples and 
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validation work will be essential, especially given the recent study by Andrus and Crowe 
(2002) which found elemental compositions to be significantly altered by both post-
mortem disposal methods and burning. To develop the value of otoliths as high-
resolution climate proxies, it is recommended that growth measurements be paired with 
microchemical analyses (if Sr/Ca ratios can be proved relatively immune to diagenesis), 
to permit interpretation of ancient growth fluctuations in a discharge variability context. 
Concluding remarks 
This study found the spatial divergence of life-histories (age and growth) across modem 
climate extremes to be relatively conservative compared to the temporal variation seen 
over thousands of years of climate change. This upholds Roff (1978) who stated that 
environmental variation through time will be more significant in modulating changes in 
life-histories than variation across space. Other studies have also found that rates of 
divergence across space don't actually give insight into evolution, as rates of divergence 
may range from a small fraction to many times the actual evolutionary rates in the 
component populations (Hendry and Kinnison 1999). ·Therefore, this means that the 
common-approach of making space- for time- substitutions in life-history studies 
actually tells us nothing about the true range or plasticity of life-histories that species 
could have experienced throughout their history. These studies only explore the bounds 
of relatively limited extant variation, clearly highlighting the role of historical legacy as 
one of the key constraints on current life history variation (Roff 1992). 
This study has concluded that individuals of a species do indeed absorb environmental 
change 'ecologically' through life-history variation. 20,000 years of climate change have 
resulted in major growth and longevity changes, highlighting that golden perch are a 
highly flexible species well suited to the variable freshwater environments encountered 
both currently and evolutionarily. However, given the absence of older age classes in the 
southern MDB, and increasing reliance on supplemental stockings in many of the highly 
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managed rivers, it may well be river regulation and associated ecological changes, rather 
than climate change, that will continue the steady decline of this freshwater fish species. 
Chapter Seven 
General discussion and future prospects 
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Discussion 
The value of otolith chronologies for understanding modern growth-climate 
linkages 
Climate is a key driver of biotic systems, affecting individual fitness, population 
dynamics, distribution and abundance of species, and ecosystem structure and function 
(Parmesan et al. 2000). The largest single source of inter-annual climate variability on a 
global scale is the El Nifio Southern Oscillation (ENSO), whose effects are widespread 
and often severe (Diaz and Markgraf 1992). (The basic atmospheric mechanism behind 
ENSO was briefly described on page 121). Although ENSO variability is generally 
biennial (Rasmussen et al. 1990) and phase locked to the annual cycle (February-
February, Nicholls 1992), it is the moderate and stronger El Nifio events, with a 3-5year 
periodicity (Diaz and Markgraf 1992), which have the greatest influence on aquatic 
ecosystems. This is because extreme phases of this phenomenon are significantly 
correlated with temperature, precipitation and discharge in Australian rivers (Allan 
1985, Simpson et al. 1993, Puckridge et al. 2000, Roshier et al. 2001). 
This thesis has demonstrated that otolith growth faithfully records relative somatic 
growth and satisfies the required assumptions in order to be considered good 
chronometers (Chapter 2). Being able to reconstruct a fish's relative growth throughout 
its life greatly increases the power of analyses, by being able to extend the chronology 
back through time to gain information about growth conditions many years prior to the 
date of capture. Fish growth responds to a complexity of internal and external factors, 
fi,.f' 
but a common finding for this study is that fish all sizes and ages tended to display 
A 
synchronous inter-annual growth fluctuations, most often correlated with discharge 
variability which of course is ultimately linked to ENSO activity (Chapters 3-5). This is 
not to say that all growth deviations from average correspond to flow variation, but this 
appeared to be a common uniting theme, even when comparing golden perch from the 
cool-climate rivers of the southern Murray-Darling Basin with the warm, intermittent. 
rivers in the Lake Eyre Basin of Central Australia (Chapters 3 and 5 respectively). 
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The alternate causal explanation for the observed high frequency growth fluctuations is 
density-dependence, but this was not considered likely to be a major force influencing 
the growth patterns in this study (Chapter 3). This is because growth was principally 
reconstructed from adult fish where density-dependent effects are expected to be 
weakest (Ware 1980, Cowan et al. 2000), and did not include the first year of growth. 
Further, the strength of the synchronous patterns of growth across both young and old 
fish (Chapter 3) and across isolated populations (Chapter 4) makes it virtually certain 
that extrinsic environment factors (ENSO-related discharge variability) were the 
principal drivers of fish growth variation, not density-dependence. 
From the results of this study, this thesis concludes that there are two otolith growth 
measures which can provide information about fish growth-climate linkages, one 
longitudinal (following individuals through time), the other cross-sectional (comparing 
across individuals). Firstly, high frequency growth fluctuations through time that are 
synchronous for individuals of different ages and life-stages can often be attributed to 
local abiotic conditions that the fish have experienced. Further, if there is synchronicity 
among widely dispersed populations, then the synchronising local conditions are 
actually being driven by regional or even global climate influences (e.g. the global 
atmospheric cooling for several years following the Mt. Pinatubo volcanic eruption in 
1991). Secondly, when fitting an age trend to the increment width-at-age relationship, by 
means of a negative exponential with a lower asymptote, the size of the lower asymptote 
term may provide information about the average annual temperature experienced by the 
population. This is due to the positive relationship between temperature, metabolic rate 
and otolith accretion (e.g. Wright et al. 2001). This may not appear all that useful for 
studies of modem fish, where instrumental records far more easily record temperature, 
but the value of this observation potentially lies with palaeoclimate reconstruction. 
Measuring asymptotic increment widths may be a quick and easy exploration of 
potential temperature differences between fossil samples, before subjecting them to 
time-intensive and relatively expensive stable isotope analyses. 
The likely sensitivity of fish growth to future anthropogenic climate change 
There has been a growing recognition that anthropogenic climate change will have 
major impacts on hydrological systems (e.g. see reviews by Meyer et al. 1999, Walther 
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et al. 2002). Anthropogenic change is not just concerned with long-term trends in 
average temperature under an increased greenhouse climate, rather it is the changes to 
seasonal timing and variability that are considered likely to have the greatest impact on 
the world's flora and fauna (Pickup 1998). Terrestrial studies often focus on the 
temperature change component of anthropogenic climate change, and although the 
importance of temperature for aquatic fauna is not disputed, it is suggested that it is 
change to flow patterns and discharge variability that will have the greatest influence on 
Australian aquatic ecology. For freshwater fish, changes in precipitation variability will 
greatly influence flow regime (Wilby 1993), the fundamental 'driver' of aquatic ecology 
(e.g. Junk et al. 1989, Poff and Allan 1995, Walker et al. 1995, Poff et al. 1997, Richter 
et al. 1997, Ward and Tockner 2001). 
Given the extreme hydrological variability that already characterises rivers in Australia 
(Puckridge et al. 1998), any change in the intensity and frequency of extreme flood and 
drought episodes will have significant impacts on the amount and distribution of water 
across the landscape and therefore aquatic biota. However, detailed studies of the likely 
risks and impacts of climate change for Australian aquatic biota are lacking, with the 
majority of studies having been completed in North America (e.g. Stefan and Sinokrot 
1993, Covich et al. 1997, Melack et al. 1997, Mulholland et al. 1997, Jager et al. 1999). 
However, some general predictions can be made under a warmer, greenhouse future. 
Forecasts of anthropogenic climate change are inevitably uncertain (Allen et al. 2000), 
but several studies have predicted an increased frequency of El Nifio conditions (e.g. 
Timmermann 1999, Clark et al. 2002), which for Australian aquatic ecosystems 
represents increased drought frequency and intensity and reduced golden perch growth 
and recruitment. Such a scenario could have disasterous consequences in already highly 
variable environments, if the return periods for rainfall exceed the reproductive lifespan 
of individuals or there is widespread drought-induced mortality (Stafford Smith and 
Morton 1990). Indeed the genetic 'scars' of reduced genetic variation after surviving 
severe droughts can still be seen in fish thousands of years later (e.g. Douglas et al. 
2003). However, for Northern Australia, tropical cyclone activity is also predicted to 
increase (Walsh and Ryan 2000) which could bring more floods to the intermittent rivers 
of central Australia, with a positive benefit for fish growth and recruitment if regions are 
not also subjected to more intense droughts. 
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Nevertheless, predicting specific growth changes under different climate scenarios is no 
easy task, for as with predictions of range change that are complicated by differential 
dispersal abilities and barriers (including habitat fragmentation, Collingham and Huntley 
2000) and changing community compositions and interactions (Davis et al. 1998), 
growth changes are similarly complicated by food availability and biotic interactions. 
For instance under a warmer climate we may expect to see golden perch at the cool-
climate extreme of the distributional range increase in size and growth rate due to 
increased lake and river productivities with the assumption of greater food availability. 
However, in the central Australian regions where fish growth is not limited by low 
temperatures, drier conditions and increased temperature stress (increased bioenergetic 
costs) could result in even faster growth but with achievement of a smaller asymptotic 
size according to Bergmann's rule (e.g. see Smith et al. 1995, Smith et al. 1998). 
Predictions will therefore vary according to location, signaling that we should not 
necessarily expect to see coherent responses to climate change and variability across a 
species' range (Magnuson et al. 1997). 
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Anthropogenic climate change versus river regulation - which is the greater 
concern for native fish? 
Several authors are of the opinion that the ecological effects of anthropogenic climate 
change are dwarfed by the much more rapid and dramatic changes due to river 
regulation, land-use change and alien species invasions (e.g. Graf 1999, Meyer et al. 
1999, McMahon and Finlayson 2003). Nevertheless, climate change is likely to 
exacerbate current anthropogenic stresses on freshwater systems (Mulholland et al. 
1997). Further, some studies have found that the effects of climate forcing on 
commercially important fish populations (albeit marine ones) are of similar magnitude to 
those produced by anthropogenic fishing and predation interactions (e.g. Jurado-Molina 
and Livingston 2002) and that rapid, complex and non-intuitive responses can be 
recorded from climate change simulations (e.g. Davis et al. 1998). Thus it is essential 
that a risk averse approach be undertaken for the management of Australian freshwater 
fish species. Although anthropogenic activities in river catchments may well pose the 
greatest immediate threat to native fish, especially through changed flow regimes and 
loss of flow variability, the potential for climate regime shifts should nevertheless be 
incorporated into management scenarios to provide a buff er to change. It is the loss of 
resilience (ability to recover from disturbance) that typically sets the scene for many of 
the sudden and catastrophic ecological shifts that have been recorded to date (Scheff er et 
al. 2001). For the Australian freshwater situation, and golden perch in particular, this 
would require ensuring adequate protection of the natural flows and minimally degraded 
condition of the Lake Eyre Basin primarily through passive management measures to 
keep the status quo in place. However, in the Murray-Darling Basin, active restorative 
management will require focus on improving natural recruitment and sustainable 
population sizes through a whole of ecosystem approach (e.g. refer to the recent sixty-
year Native Fish strategy released by the Murray-Darling Basin Commission 2004). 
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Can we extend otolith-growth chronologies back through time for palaeoclimate 
reconstructions? 
El Nifio phases of ENSO are thought to have been in operation since the late Holocene 
around 5,000BP (Diaz and Markgraf 1992). Otoliths may not give direct insight into 
ENSO frequency given their relatively short chronology lengths, but high-resolution 
information on duration of droughts/elevated salinity conditions, and frequency of 
floods/fresh conditions, has to be a useful counterpoint to current knowledge of modem-
day discharge variability influenced by ENSO. Fossil otoliths are available in Australia 
across a range of timeframes, for Aboriginal middens span from the instrumental record, 
to the historical record, Holocene and Pleistocene. Careful selection of samples could 
yield remarkable insights into the manner with which fish growth and climate have 
interacted through time within and between species. Of course, the methods used in this 
thesis do not solely apply to freshwater species, and given the size and complexity of 
some of the Aboriginal coastal middens, growth of estuarine/marine fishes in a range of 
near-shore marine environments could also be reconstructed. 
The cross-sectional and longitudinal analysis of Pleistocene growth patterns undertaken 
in Chapter 6, demonstrated that there have been major changes to golden perch's life 
history plasticity (age and growth characteristics) over the last 26,000years and that high 
frequency growth signals, similar to those observed in modem fish, are well preserved. 
These results show much promise for investigating growth-climate linkages at various 
points back through time. However, all environmental proxies necessarily have their 
limitations, and it will be essential to carry our further research before the potential 
climate-proxy value of otolith growth fluctuations can be fully realised (as will be 
discussed in the following section). 
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Potential avenues of further research 
There are two areas of further study which appear particularly promising. These include 
reconstructing otolith growth chronologies for other fish species, and developing the use 
of otoliths as high-resolution climate proxies by testing and validating the use of 
microchemical techniques. 
The value in constructing growth chronologies for species other than golden perch lies in 
the ability to better-understand historical dynamics as well animproved prediction of 
future dynamics, especially for species threatened by population decline or ecosystem 
change. The lack of baseline and long-term monitoring data is a common situation that 
hinders the effective management and protection of many of Australia's freshwater fish 
species, and otoliths offer one solution to this temporal problem. 
Freshwater species likely to be of immediate interest include the Murray cod, 
Maccullochella peelii peelii (Percichthyidae) which can grow up to 118kg, and the silver 
perch, Bidyanus bidyanus (Terapontidae) which commonly exceeds 2kg. Both of these 
large Murray-Darling Basin (MDB) species are relatively long-lived, with maximum 
ages of 27 years recorded for silver perch (Mallen-Cooper and Stuart 2003) and 22, 34 
and 48 years recorded for Murray cod (Gooley 1992, Rowland 1998, Anderson et al. 
1992b). The sagittal otoliths of both these species are relatively large and annual 
increments are clearly defined, which makes them well suited for reconstructing precise 
growth chronologies (Fig. 1 ). Like golden perch, these once-common species have 
suffered dramatic declines in range and abundance in the southern MDB (Harris and 
Rowland 1996). Golden perch are currently listed as vulnerable and silver perch as 
critically endangered under the Victorian Flora and Fauna Guarantee Act (1988), 
whereas Murray cod are listed as threatened under the Federal Environment Protection 
and Biodiversity Conservation Act (1999). Factors implicated in all these species' 
declines include commercial overfishing between the 1800s and 1930s, river regulation, 
and competition with introduced species (see Cadwallader and Backhouse 1985, Walker 
1985, Rowland 1989, Gehrke et al. 1995, Kingsford 2000, Gehrke and Harris 2001). 
Improved knowledge of the age, growth and recruitment of these species and the links 
between variations in flow and growth can only help improve our knowledge of the 
mechanisms contributing to their declining status. Furthermore, improved knowledge 
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could potentially present new opportunities to identify, and then mitigate, the particular 
flow characteristics of river regulation that correlate strongly with reduced native fish 
growth. 
Chronologies developed for multiple species would also offer contrasting or 
complementary insights into variability in the relationships between fish growth and 
climate across species. For instance, although golden perch and Murray cod are both in 
the Percichthyidae, have overlapping distributions in the l\IDB and similar ecological 
function as macro-carnivores, it cannot be assumed that their growth will necessarily 
respond in the same way to ENSO-driven variations in discharge. Several studies in 
North America have already compared inter-annual growth variations between different 
fish and tree species, and clearly demonstrated that the timing and intensity of climate 
variables can produce a diverse range of growth responses among closely- and distantly-
related species (Guyette and Rabeni 1995, LeBreton and Beamish 2000b). In particular, 
Guyette and Rabeni (1995) found that the growth response of an organism is dependent 
on its location relative to its geographic range, topography, stream-gradient and 
organism age. Similar inter-biota comparisons would also be promising to pursue, given 
that Australian rivers are strongly governed by ENSO rainfall variations and therefore 
high frequency growth fluctuations would be expected in a diverse range of both 
terrestrial and aquatic organisms. However, marrying the most obvious high resolution 
biological record, annual tree-ring widths, with fish growth records, otolith increment 
widths, may prove difficult for Australia given the relative scarcity of tree ring studies, 
although one promising location is the Paroo region of north-western NSW. This region 
has seen recent work by Pearson (2001) on Callitris growth, where individuals were 
found to yield short but temporally synchronous growth records which were influenced 
by rainfall (Lange 1965, Pearman 1971, Dunwiddie and LaMarche 1980). Golden perch 
commonly occur in this Northern part of the l\IDB and Holocene remains are likely well 
preserved in Aboriginal middens thereby making this line of research tractable. 
In addition to studying native species of conservation concern, it would be illuminating 
to investigate the growth patterns of successful alien invaders. For example, redfin 
perch, Percafluviatilis, is a competitive and carnivorous species that has spread widely 
throughout Australian rivers. Given that they originate from Europe, but are particularly 
successful in the cooler regulated rivers of Australia, otolith growth chronologies could 
identify flow conditions associated with years of good or poor growth. By contrasting 
the general growth patterns of introduced fish with those of native fish, flows could be 
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identified and potentially manipulated to give native fish a growth advantage to the 
detriment of exotic species. Of course, this approach has three assumptions. Firstly, that 
there will be clear differences in the flow characteristics that result in positive growth for 
Australian native species versus Northern Hemisphere introduced species. The second 
assumption is that the general paradigm of good recruitment in years of good growth 
holds true (Campana 1996), and thirdly that relative adult growth, from which the 
chronologies are principally reconstructed, is reasonably-well correlated with larval and 
small juvenile growth and survival. 
A. 26 year old Murray cod, Maccul/ochel/a pee/i peeli (Percichthyidae) 
B. 12 year old silver perch, Bidyanus bidyanus (Terapontidae) 
C. 9 year old redfin perch, Perea fluviatilis (Percidae) 
Fig. 1. Examples of other freshwater fish species for which growth chronologies could 
be constructed. Murray cod and silver perch are both endemic to Australia, whereas 
redfin are introduced. (Otoliths collected and sectioned by Mark Lintermans, 
Environment ACT, Wildlife Research and Monitoring). Scale bar represented by black 
horizontal lines, each of which is 0.5mm in length. 
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The second promising avenue of future research is developing the use of otoliths as 
high-resolution climate proxies by combining growth records with microchemical 
records. This study has validated modem otolith chronologies as a means to reconstruct 
inter-annual variations in fish growth, and found fluctuations to be strongly associated 
with variation in water level and discharge, which are of course ultimately connected to 
ENSO activity. However, there are three essential prerequisites if we want to use otoliths 
to reconstruct palaeoclimates and determine if rapid climate fluctuations were also a 
feature of ancient aquatic environments. 
The first requirement is that as ENSO oscillations are typically on a biennial scale 
(Rasmussen et al. 1990) with dry years often following wet years (Diaz and Markgraf 
1992), the climate proxy must be of a sufficiently high resolution. This rules out most 
climate proxies except tree rings (Cook 1992) and corals (McCulloch et al. 1994, 
McCulloch et al. 1999, McCulloch and Esat 2000), but otoliths also satisfy this annual 
and seasonal scale of resolution. The second requirement is that the climate proxy is able 
to be dated absolutely (Cook 1992). Otoliths contain organic material in their protein 
matrices that can be radiocarbon dated, thereby providing the required dating control 
over the past circa 35,000 years BP. However, coarser-grained stratigraphic controls 
may still be sufficient for detecting high frequency climate variations at greater distances 
into the past. The third requirement is that the fluctuations in otolith growth should be 
strongly connected to a specific aspect of environmental variation and minimally 
affected by local environmental variability or 'noise' (Diaz and Markgraf 1992). 
However, fish growth is well recognised as being indeterminate and highly plastic 
(Weatherly and Gill 1987), thereby creating concerns about whether otoliths can satisfy 
this final requirement, for poor- or good- growth can be caused by a wide variety and 
combination of factors. For example, a year affected by a widespread disease outbreak 
could give a similar depressed growth signal to that caused by a low flow year. 
However, the potential for otoliths to become valuable proxies is not lost if we can 
combine the high-resolution growth records with high resolution microchemistry 
transects, in order to bolster our interpretations of ancient growth variation due to water 
level fluctuations. 
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Microchemistry encompasses the measurement of stable isotopes and trace elements, 
both of which would be valuable to investigate for modem and Pleistocene golden perch 
otoliths. Oxygen stable isotope studies are growing rapidly in popularity for their use as 
thermometers has been validated for modem otoliths (Kalish 1991, Thorrold et al. 1997), 
and their measurement in fossils permits the reconstruction of seasonal variation in 
palaeotemperature (Dufour et al. 1998, Wurster and Patterson 2001 ), although not for 
burned specimens (Andrus and Crowe 2002). The seasonal reconstruction of 
palaeotemperatures is especially important as Ivany et al. (2000) suggest that changes in 
temperature variability rather than absolute magnitude are likely to have the greatest 
influence on organisms. 
In contrast to stable isotopes, caution has been recommended for interpreting trace 
element measurements in fossil otoliths due to issues of post-mortem change, which 
varies according to disposal method (Andrus and Crowe 2002). However Dufour et al. 
(2000) found elemental composition to be similar between modem and fossil fish, and 
further experimental studies are definitely warranted before the utility of trace elements 
can be dismissed. Strontium/calcium ratios in particular have proven particularly useful 
in modem fisheries ecology for tracking fish as they move between, or tolerate, habitats 
of varying salinity (e.g. Kalish 1990, Gillanders and Kingsford 1996, Milton et al. 2000). 
If ancient Sr/Ca ratios have not undergone unpredictable diagenesis, then they offer the 
best means with which to reconstruct discharge variability, with increasing ratios 
assumed to be a function of falling water levels and increasing salinities. Strontium 
concentrations may well prove relatively robust to the rigours of disposal and 
preservation, for Sr substitutes for Ca in the inorganic matrix of the otolith, a structural 
role which forms part of the microstructural detail well preserved in fossil otoliths. 
As an important first step towards this microchemical goal, John Kalish has undertaken 
a number of stable-isotope and trace-element outdoor mesocosm experiments, in order 
to determine the nature of the microchemistry relationships with varying salinities and 
fluctuating water levels for modern golden perch. Results of John Kalish's 
microchemistry studies on both fossil and modem golden perch will greatly complement 
the growth chronology work presented in this thesis. 
226 
Appendix 
Appendix 1 
Biochronology Macro for use with NIH-Image freeware (http://rsb.info.nih.gov/nih-
image). 
Developed with the programming assistance of Greg Joss, Macquarie University, and 
with helpful comments and testing by Mick Howland, Tasmanian Hydroelectric 
Company. 
transect points in triples: 
annulus point 
transect reference point 
annulus drop point 
except 0 transect triple: 
transect start point at fCount 
transect reference point 
transect end point 
} 
var span:integer;spanFactor:real; 
pid {image id} ,nid{numeric transect id} ,ppid{previous image id} 
,fCount{numeric transect id pointer to results table} 
,transect 
,scale,AspectRatio,pmode,lineWidth,pCount:integer; 
iid,wTitle,unit,msg:string; 
function transectPoint(i):boolean;begin 
transectPoint:= ((i-fCount+ 1) mod 3)=2; 
transect:=trunc( (i-fCount)/3); 
end 
function nextMsg:string;begin 
if transectPoint(rCount) 
then msg:='annulus drop' 
else msg:='transect reference point'; 
if rUser1 [fCount]=O then msg:='transect,\enter (t]'; 
nextMsg:=concat(nid:O,':',iid,'\rCount:',rCount:0,1\data starts ',fCount:O 
,'\point:',transect:O,'\mark ',msg); 
end 
function changePmode:integer;begin 
changePmode:=getNumber('point sequence:1 transect first, 2 alternating' 
,(pmode+pmode=0)*1 ); 
end 
procedure unScale(i,j);begin 
repeat begin 
rX[i]:=rX[i]*scale; 
rY[i]:=rY[i]*scale* AspectRatio; i:=i+ 1; 
end until i>j; 
end 
procedure reScale(i,j);begin 
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repeat begin 
rX[i]:=rX[i]/scale; 
rY[i]:=rY[i]/scale/ AspectRatio; i:=i+ 1; 
end until i>j; 
end 
procedure getTransect;var x1 ,y1 ,x2,y2:integer;begin 
if (Get('RoiType')=6) then begin 
Getline(x1 ,y1 ,x2,y2,LineWidth); 
rX[fCount]:=x1 ;rY[fCount]:=y1 ;rMin[fCount]:=x2;rMax[fCount]:=y2; 
rUser1 [fCount]:=nid; 
{invert; not reversable} 
copy;paste;setOption;doXOR; killroi; 
selectT ool('rectangle'); 
end else begin selectTool('straightline'); 
{putMessage('make line selection for transect, then enter [t]');} 
end 
end 
procedure restoreTransect;var x1 ,y1 ,x2,y2:integer;begin 
if (fCount<rCount) and (fCount>O) then begin 
revertToSaved; 
x1 :=rX[fCount];y1 :=rY[fCount];x2:=rMin[fCount];y2:=rMax[fCount]; 
makelineRoi(x1 ,y1 ,x2,y2,LineWidth); 
invert;killroi; 
end 
end 
procedure clearNext;begin 
setCounter(rCount+ 1 ); 
rUser1 [rCount]:=O; 
rUser2[rCount]:=O; 
end 
function newlmage:boolean;begin 
if (wTitle<>WindowTitle) or (pid<>pidNumber) then begin 
setPrecision(3,5); 
setOptions('X-Y Center Length Angle User1 User2'); 
SetUser1 Label('Transect'); 
SetUser2Label('Transect'); 
ppid:=pid; 
nid:=nid+ 1; 
iid:=getString('image ident:' ,windowTitle ); 
wTitle:=windowTitle; 
pid:=pidNumber; 
getScale( scale ,unit,AspectRatio ); 
setPalette('grayscale' ,6); 
clearNext; 
fCount:=rCount; 
rUser2[fCount]:=nid; 
getTransect; 
newlmage:=true; 
end 
else newlmage:=false; 
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end; 
procedure setPicFont;var w,h:integer;begin 
getPicsize(w,h); 
lineWidth:=2*round(w/768); 
SetFontSize(9*(1 *(w<384 )+round(w/768) )); 
if w/768>=1.5 then SetText('Bold'); 
end 
procedure resetPicFont;begin 
setForeground(255); 
SetFontSize(9); 
SetText("); 
end 
procedure mark(i);var roi:boolean;begin 
roi:=(Get('RoiType')=8) or (Get('RoiType')=6); 
setPicFont; 
setForeground( 1 +not transectPoint(i)); 
make0valRoi(rX[i]-lineWidth,rY[i]-lineWidth,lineWidth*2,lineWidth*2);fill; 
if roi then restoreRoi; 
moveTo(rX[i]+lineWidth,rY[i]);write(transect:O); 
if roi then restoreRoi; 
resetPicFont; 
end 
function slope(i,j):real;begin if (rX[j]=rX[i]) 
then slope:=O 
else slope:=(rYU]-rY[i])/(rX[j]-rX[i]);end 
{returns slope of line between rX[i],rY[i] and [j]} 
function distance(i,j):real;begin 
distance:=sqrt(sqr(rX[j]-rX[i])+sqr(rY[j]-rY[i]));end 
{returns distance between rX[i],rY[i] and 0]} 
function dropline(i,j,k,d):real; var s,si,pion2:real; 
{drops perpendicular from rX[i],rY[i] to line between [j],[k] 
returns distance between rX[i],rY[i] and [d] (intersection point)} 
begin 
pion2:=2*arctan(1 ); 
s:=slopeU,k); 
if S<>O then si:=-1 /s else si:=pion2; 
rX[ d):=( rY[i]-rY[j]-rX[i]* si+rX[j]* s )/( s-si); 
rY[ d]:=( rX[ d]-rX[i])* si+rY[i]; 
rlength[ d]:=distance(i,d); 
if rlength[d)=O then rAngle[d]:=O else rAngle[d]:=distance(k,d)/rlength[d]; 
dropline:=rlength[ d]; 
end 
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procedure checkOnTransect(i);var d:real;begin d:=dropline(i,fCount,fCount+2,rCount+ 1 )*scale; 
showMessage( d:4:0, '\' ,i:4:0,fCount,fCount+2,rCount+ 1, '\',scale); 
if d> 1 then putMessage('Transect point is ',d:O,' pixels from transect?'); end 
macro'[v] cross cursor';begin selectTool('rectangle');end 
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macro'[b] graBber';begin selectTool('grabber');end 
macro'[n] get Next mouse position';var x,y,i:real; begin 
getMouse(x,y); 
if newlmage then beep; 
if transectPoint(rCount-1) then if (transect=O) then begin 
{note rCount is previous point; prior to first annulus point} 
if rUser1 [fCount]=O then exit('must select transect and enter [t]'); 
rX[rCount]:=rMin[fCount]; 
rY[rCount]:=rMax[fCount]; 
reScale(fCount,fCount); 
reScale(rCount,rCount); 
checkOnTransect(rCount-1 ); 
end; 
clearNext; 
i:=rCount; 
rX[i]:=x; 
rY[i]:=y; 
mark(i); 
reScale(i,i); 
if transectPoint(i) then 
if (transect=O) then clearNext{room for 2rd transect point} 
else begin 
checkOn T ransect(i); 
clearNext; 
rlength[i]:=dropline(i-3,i-1,i,i+ 1 ); 
unScale(i-3,i+ 1 ); 
setForeGround(1 ); 
moveTo(rX[i-3],rY[i-3]); 
lineTo(rX[i+ 1],rY[i+1 ]); 
setForeGround(2); 
line To(rX[i],rY[i]); 
reScale(i-3,i+ 1 ); 
end; 
showMessage(nextMsg); 
update Results; 
end 
macro'[m] Magnifier';begin selectTool('magnifier');end 
macro'[c] line tool';begin selectTool('straight line');end 
macro'(-';begin end 
macro'[t] get Transect selection';begin 
if (wTitle=windowTitle) and (pid=pidNumber) 
and (rUser1 [fcount]<>O) then wTitle:=";{new transect force newlmage} 
if newlmage then beep; 
getTransect; 
showMessage(nextMsg); 
end 
macro '[r] Reset counter'; begin 
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if transectPoint( rCount-1 ) 
then setCounter(getNumber('rCount',rCount-2)) 
else setCounter(getN umber('rCount', rCount-1 ) ) ;end 
Appendix 
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macro' ( -';begin end 
macro'[o] Output dropline results';var i:integer; tab:string;begin 
tab:=chr(9); 
if ((rCount) mod 3)<>0 then 
putMessage(concat('rCount ',rCount:O,', not triplet count?')); 
new T extWindow( concat(windowTitle,' .results') ,360 ,rCount*5); 
writeln('#',tab,'id',tab,'dropPtX',tab,'Y',tab,'refPtX',tab,'Y',tab,'annPtX',tab,'Y' 
,tab,'droplength',tab,'tan(trans)'); 
for i:=1 to rCount do 
begin 
if rUser1 [i]<>O then nid:=rUser1 [i]; 
if (i mod 3)=0 then 
writeln(i/3:0, tab,nid:O 
,tab,rX[i]:5:3,tab,rY[i]:5:3 
,tab,rX[i-1 ]:5:3,tab,rY[i-1 ]:5:3 
,tab,rX[i-2] :5:3, tab,rY[i-2] :5:3 
,tab,rlength[i]:5:3,tab,rAngle[i]:5:3); 
end; 
end 
macro'(-';begin end 
function getProfile:integer; {segmented line selection PlotData to lineBuffer} 
var count,ppv,min,max,i,j:integer; 
begin 
setlineWidth(LineWidth); 
rMean[fCount]:=O; 
for i:=fCount+5 to rCount do 
if transectPoint(i-1) then begin {i:dropline,i-4 previous transect} 
unScale(i-4,i); 
makelineRoi(rX[i-4],rY[i-4],rX[i],rY(i]); 
{showMessage(i:5:0,'\',rX[i-4]:5:0,rY[i-4],rX(i],rY[i]);} 
reScale(i-4,i); 
getPlotData(count,ppv,min,max); 
rMean[i]:=count; 
for j:=O to count-1 do lineBufferO+rMean[fCount]]:=PlotDataO]; 
rMean[fCount]:=rMean(fCount]+count; 
{if getNumber('OK',0)<>0 then exit;} 
end; killRoi; 
getProfile:=rMean[fCount]; 
setlineWidth(1 ); 
end 
function getBands(o):integer; {segmented line selection PlotData to lineBuffer} 
var count,i,j,k:integer; 
begin count:=O; 
for i:=fCount to rCount do 
if (i>(fCount+2)) and (((i-fCount+ 1) mod 3)=0) then begin 
if o=O then k:=rlength[i]*scale else k:=rAngle[i]*256*2; 
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for j:=O to rMean[i]-1 do lineBuffer[j+count]:=k; 
count:= count+rMean[i]; 
end; 
getBands:=rMean[fCount]; 
end 
procedure plotProfileCopy(c,plength,kd,y,h);begin 
makeRoi(lm,y,plength,h); 
plotProfile; copy; dispose; 
makeRoi(O,(kd*3+kd)*2,plength+lm+rm,256+tm+bm);paste;set0ption;doReplace; 
change Values(255,255,c); 
makeRoi(lm,y,plength,h); 
end 
procedure convolution(kd); var i,j:integer; kernel:string;begin 
newTextWindow('smoothing kernel',kd*40,kd*18); 
kernel:="; 
for i:=1 to kd do kernel:=concat(kernel,{kd*kd}1 :4:0); 
for j:=1 to kd do writeln(kernel); 
ScaleConvol utions(true{ false}); 
convolve("); 
selectWindow('smoothing kernel');dispose; 
end 
macro '[p]plot growth bands'; 
var x,y,kd,pro,plength 
,tm,bm,lm,rm,i:integer; 
begin 
tm:=1 O;bm:=20;1m:=38;rm:=20; 
invertY (false); 
SetPlotlabels(true); 
SetPlotScale(0,255); 
if newlmage then beep; 
if getNumber('revertToSaved Y /N 1/0', 1 )=1 then revertToSaved; 
if (fCount=rCount) or ((fCount=O) and (rCount>O)) then fcount:=1; 
plength:=getProfile; 
SetPlotSize(plength,256); 
showMessage(plength); 
span:=3;{****} 
if span=O then span:=getNumber('enter smoothing span (pixels)',7); 
kd:=1 +span+span; 
if plength+kd*4>4096 then putMessage('selection >4096'); 
setNewSize(plength+lm+rm,(kd*3+kd)*2+256+tm+bm); 
setBackGround(O); 
setPalette('grayscale' ,6); 
makeNewWindow(wTitle,'. profile') ;pro:=pidNumber; 
for y:=O to kd*3 do putRow(lm,y,plength); 
plotProfileCopy(1,plength,kd,kd,kd); 
{if getNumber('OK',0)<>0 then exit;} 
convolution(kd); 
plotProfileCopy(2,plength,kd,kd,kd);killroi; 
plength:=getBands(O); 
putRow(lm,kd*3+2,plength); 
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plotProtileCopy(3,plength,kd,kd*3+2, 1 );killroi; 
plength:=getBands(1 ); 
putRow(lm,kd*3+4,plength); 
plotProtileCopy(6,plength,kd,kd*3+4, 1 );killroi; 
end 
macro'(-';begin end 
Appendix 
{.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-
233 
References 
References 
Aanes R, Saether BE, Solberg EJ, Aanes S, Strand 0, and Oritsland NA. (2003). 
Synchrony in Svalbard reindeer population dynamics. Canadian Journal of 
Zoology 81:103-110. 
ACT Department of Housing and Construction. (1984). Googong Reservoir - Water 
quality baseline study for the analysis of recreational use. 
ACTSER. (1994). Australian Capital Territory. State of the Environment Report 1994. 
Office of the Commissioner for the Environment A.C.T, Canberra. 
Aguirre ML, Leng MJ and Spiro B. (1998). Variation in isotopic composition (C, 0 and 
Sr) of Holocene Mactra isabelleana (Bivalvia) from the coast of Buenos Aires 
province, Argentina. Holocene 8: 613-621. 
Allan RJ, Lindesay J, and Parker D. (1996). El Nino Southern Oscillation & Climatic 
Variability. CSIRO Publishing. 
Allan RJ. (1985). The Australasian summer monsoon, teleconnections, and flooding in 
the Lake Eyre Basin. South Australian Geographical Papers: 1-4 7. 
Allen GR. (1989). Freshwater fishes of Australia. TFH Publications, Neptune City, New 
Jersey. 
Allen H. (1972). Where the crow flies backwards: man and land in the Darling Basin. 
Unpub. PhD. Australian National University. 
Allen H. (1983). 19th Century Faunal Change in Western N.S. W. and N-W Victoria. 
University Of Auckland Dept. Of Anthropology, Auckland. 
Allen H. (1986). Environmental history in southwestern New South Wales and 
northwestern Victoria during the late Pleistocene. in The Pleistocene Perspective. 
Allen & Unwin, Southampton, London. 
Allen MR, Stott PA, Mitchell JFB, Schnur R, and Delworth TL. (2000). Quantifying the 
uncertainty in forecasts of anthropogenic climate change. Nature 407:617-620. 
Anderson JR, Morison AK and Ray DJ. (1992a). Validation of the use of thin-sectioned 
otoliths for determining the age and growth of golden perch, Macquaria ambigua 
(Perciformes: Percichthyidae), in the lower Murray-Darling Basin, Australia. 
Australian Journal of Marine & Freshwater Research 43:1103-1128. 
Anderson JR, Morison AK and Ray DJ. (1992b). Age and growth of Murray cod, 
Maccullochella peeli (Perciformes: Percichthyidae), in the lower Murray-Darling 
Basin, from thin sectioned otoliths. Australian Journal of Marine & Freshwater 
Research 43:983-1013. 
Andrus CFT and Crowe DE. (2002). Alteration of otolith aragonite: Effects of 
prehistoric cooking methods on otolith chemistry. Journal of Archaeological 
Science 29: 291-299. 
Andrus CFT, Crowe DE and Romanek CS. (2002a). Oxygen isotope record of the 1997-
1998 El Nifio in Peruvian sea catfish (Galeichthys peruvianus) otoliths. 
Paleoceanography 17: 1053. 
Andrus CFT, Crowe DE, Sandweiss DH, Reitz EJ and Romanek CS. (2002b). Otolith 
delta 0-18 record of mid-Holocene sea surface temperatures in Peru. Science 295: 
1508-1511. 
234 
References 
Aubin-Horth N and Dodson JJ. (2002). Impact of differential energy allocation in 
Atlantic salmon (Salmo salar) precocious males on otolith-somatic size 
proportionality: a longitudinal approach. Canadian Journal of Fisheries and 
Aquatic Sciences 59: 1575-1583. 
Ayliffe LK, Chivas AR and Leakey MG. (1994). The retention of primary oxygen 
isotope compositions of fossil elephant skeletal phosphate. Geochimica et 
Cosmochimica Acta 58: 5291-5298. 
Bagenal TB and Tesch FW. (1978). Age and growth. pp. 101-136 in Bagenal TB, (ed.) 
Methods for Assessment of Fish Production in Fresh Waters Blackwell Scientific 
Publications, Oxford, England. 
Bailey KM, Brown AL, Nishimura A and Reilly MT. (1995). Three-dimensional 
imaging of walleye pollack otoliths- reconstruction from serial sections and 
fluorescent laser cytometry. Journal of Fish Biology 47:671-678. 
Baines SB, Webster KE, Kratz TK, Carpenter SR, and Magnuson JJ. (2000). 
Synchronous behaviour of temperature, calcium, and chlorophyll in lakes of 
northern Wisconsin. Ecology 81:815-825. 
Baldwin DS and Mitchell AM. (2000). The effects of drying and re-flooding on the . 
sediment and soil nutrient dynamics of lowland river-floodplain systems: A 
synthesis. Regulated Rivers-Research & Management 16: 457-467. 
Balme J, and Hope J. (1990). Radiocarbon dates from miden sites in the lower Darling 
River area of western New South Wales. Archaeology in Oceania 25:85-101. 
Balme J. (1990). A Pleistocene tradition: Aboriginal fishery on the lower Darling River, 
Western N.S. W. Doctoral Dissertation. Australian National University, Canberra. 
Balme J. (1995). 30,000 years of fishery in western New South Wales. Archaeology in 
Oceania 30:1-21. 
Barber MC and Jenkins GP. (2001). Differential effects of food and temperature lead to 
decoupling of short-term otolith and somatic growth rates in juvenile King George 
whiting. Journal of Fish Biology 58: 1320-1330. 
Barton AM, Swetnam TW and Baisan CH. (2001). Arizona pine (Pinus arizanica) stand 
dynamics: local and regional factors in a fire-prone madrean gallery forest of 
Southeast Arizona, USA. Landscape Ecology 16: 351-369. 
Battaglene SC. (1991). The golden perch, Macquaria ambigua (Pisces: Percichthyidae) 
of Lake Keepit, NSW. Unpub. MSc Thesis, University of New South Wales. 
Beamish RJ, McFarlane GA and Thomson RE. (1999). Recent declines in the 
recreational catch of coho salmon (Oncorhynchus kisutch) in the Strait of Georgia 
are related to climate. Canadian Journal of Fisheries & Aquatic Sciences 56: 506-
515. 
Beamish RJ, Neville CEM and Cass AJ. (1997). Production of Fraser river sockeye 
salmon ( Oncorhynchus nerka) in relation to decadal-scale changes in the climate 
and the ocean. Canadian Journal of Fisheries & Aquatic Sciences 54: 543-554. 
Beamish RJ, Noakes DJ, McFarlane GA, Klyashtorin L, Ivanov VV, and Kurashov V. 
(1999). The regime concept and natural trends in the production of Pacific salmon. 
Canadian Journal of Fisheries & Aquatic Sciences 56: 516-526. 
Bellamy PE, Rothery P, and Hinsley SA. (2003). Synchrony of woodland bird 
populations: the effect of landscape structure. Ecography 26:338-348. 
235 
References 
Benke AC. (2001). Importance of flood regime to invertebrate habitat in an unregulated 
river-floodplain ecosystem. Journal of the North American Benthological Society 
20: 225-240. 
Bennett KD. (1997). Evolution and Ecology - The Pace of Life. Cambridge University 
Press, Cambridge. 
Berghahn R. (2000). Response to extreme conditions in coastal areas: biological tags in 
flatfish otoliths. Marine Ecology-Progress Series 192:277-285. 
Bertram DF, Mackas DL and McKinnell SM. (2001). The seasonal cycle revisited: 
interannual variation and ecosystem consequences. Progress in Oceanography 49: 
283-307. 
Bestgen KR and Bundy JM. (1998). Environmental factors affect daily increment 
deposition and otolith growth in young Colorado squawfish. Transactions of the 
American Fisheries Society 127:105-117. 
Beverton RJH and Holt SJ. (1957). On the dynamics of exploited fish populations. 
Fishery Invest. Land. 19:533pp. 
Bilton H. (1974). Effects of starvation and feeding on circulus formation on scales of 
young sockeye salmon of four racial origins, and one race of young kokanee, coho 
and chinook salmon. pp. 40-70 in Bagenal TB (ed.). The Ageing of Fish. Unwin 
Brothers, Surrey, England. 
Bjornstad ON, Champely S, Stenseth NC, and Saitoh T. (1996). Cyclicity and stability 
of grey-sided voles, Clethrionomys rufocanus, of Hokkaido - spectral and principal 
components analyses. Philosophical Transactions of the Royal Society of London -
Series B: Biological Sciences 351:867-875. 
Bjornstad ON, Ims RA, and Lambin X. (1999a). Spatial population dynamics: analysing 
patterns and processes of population synchrony. Trends in Ecology & Evolution 
14:427-432. 
Bjornstad ON, Stenseth NC, and Saitoh T. (1999b). Synchrony and scaling in dynamics 
of voles and mice in northern Japan. Ecology 89:622-637. 
Boehlert GW, Yoklavich MM and Chelton DB. (1989). Time series of growth in the 
genus Sebastes from the northeast Pacific Ocean. Fishery Bulletin 87: 791-806. 
Bolz GR and Burns BR. (1996). Age and growth of larval Atlantic herring, Clupea 
harengus- a comparative study. Fishery Bulletin 94:387-397. 
Boulton AJ and Lloyd LN. (1992). Flooding frequency and invertebrate emergence from 
dry floodplain sediments of the river Murray, Australia. Regulated Rivers-
Research & Management 7: 137-151. 
Boutin S, Krebs CJ, Boonstra R, Dale MRT, Hannon SJ, Martin K, and Sinclair ARE. 
(1995). Population changes of the vertebrate community during a snowshoe hare 
cycle in Canada's boreal forest. Oikos 74:69-80. 
Bowler JM, and Magee J. (1978). Geomorphology of the Mallee region in semi-arid 
northern Victoria and western New South Wales. Proceedings of the Royal Society 
of Victoria 90:5-26. 
Bowler JM, and Magee JW. (2000). Redating Australia's oldest human remains: a 
sceptic's view. Journal of Human Evolution 38:719-726. 
Bowler JM, Jones R, Allen H, and Thome AG. (1970). Pleistocene human remains from 
Australia: a living site and human cremation from Lake Mungo, western New 
South Wales. World Archaeology 2:39-60. 
236 
References 
Bowler JM, Shawcross WS, and McBryde I. (1985). Excursion notes and field guide. 
Day 1: Willandra Lakes. in Magee J and Beaton J (ed.). Australian Quaternary 
Society, Mildura. 
Bowler JM. (1970). Late Quaternary Environments: A study of lakes and associated 
sediments in south-eastern Australia. Unpub. PhD. Australian National University, 
Canberra. 
Bowler JM. (1976). Aridity in Australia: Age, origins and expressions in aeolian 
landforms and sediments. Earth-Science Reviews 12:279-310. 
Bowler JM. (1990). The last 500,00 years. Pages 94-109 in Mackay N and Eastburn D 
(ed.). The Murray. Murray-Darling Basin Commission, Canberra. 
Bowler JM. (1998). Willandra Lakes revisited: environmental framework for human 
occupation. Archaeology in Oceania 33:120-155. 
Bradford MJ and Geen GH. (1987). Size and growth of juvenile chinook salmon back-
calculated from otolith growth increments. pp. 453-461 in Summerfelt RC and 
Hall GE (ed.) The Age and Growth of Fish. Iowa State University Press, Ames, 
Iowa. 
Brander K. (1996)._Effects of climate change on cod (Gadus morhua) stocks. pp. 255-
278 in Wood CM and McDonald DG, (ed.) Global Warming: Implications for 
Freshwater and Marine Fish Cambridge University Press, Cambridge. 
Briffa KR, Jones PD, Schweingruber FH, and Osborn TJ. (1998). Influence of volcanic 
eruptions on northern hemisphere summer temperature over the past 600 years. 
Nature 393: 450-455. 
Brothers EB and McFarland WN. (1981). Correlations between otolith microstructure, 
growth, and life history transitions in newly recruited French grunts (Haemulon 
flavolineatum, Desmarest, Haemulidae). Reun. Cons. int. Explor. Mer. 178:369-
374. 
Buonaccorsi JP, Elkinton JS, Evans SR, and Liebhold AM. (2001). Measuring and 
testing for spatial synchrony. Ecology 82: 1668-1679. 
Burchmore JJ, and Battaglene SC. (1986). Native fish stockings in NSW - where to 
now? Australian Society for Fish Biology Annual Conference (abstract). 
Burrows MT, Moore JJ, and James B. (2002). Spatial synchrony of population changes 
in rocky shore communities in Shetland. Marine Ecology~Progress Series 240:39-
48. 
Cadwallader PL, Backhouse GM, Beumer JP, and Jackson PD. (1984). The conservation 
status of the native freshwater fish of Victoria. Victorian Naturalist 101: 112-114. 
Cadwallader PL. (1978). Some causes of the decline in range and abundance of native 
fish in the Murray-Darling river system. Proceedings of the Royal Society of 
Victoria 90: 211-224. 
Campana SE and Casselman JM. (1993). Stock discrimination using otolith shape 
analysis. Canadian Journal of Fisheries & Aquatic Sciences 50: 1062-1083. 
Campana SE and Neilson JD. (1985). Microstructure of fish otoliths. Canadian Journal 
of Fisheries & Aquatic Sciences 42:1014-1032. 
Campana SE and Thorrold SR. (2001). Otoliths, increments, and elements: keys to a 
comprehensive understanding of fish populations? Canadian Journal of Fisheries 
& Aquatic Sciences 58:30-38. 
237 
References 
Campana SE. (1983). Calcium deposition and otolith check formation during periods of 
stress in coho salmon, Oncorhynchus kisutch. Comparative Biochemistry & 
Physiology 75A:215-220. 
Campana SE. (1990). How reliable are growth backcalculations based on otoliths? 
Canadian Journal of Fisheries & Aquatic Sciences 47:2219-2227. 
Campana SE. (1996). Year-class strength and growth rate in young Atlantic cod Gadus 
morhua. Marine Ecology-Progress Series 135: 21-26. 
Campana SE. (2001). Accuracy, precision and quality control in age determination, 
including a review of the use and abuse of age validation methods. Journal of Fish 
Biology 59: 197-242. 
Cappo M, Eden P, Newman SJ and Robertson S. (2000). A new approach to validation 
of periodicity and timing of opaque zone formation in the otoliths of eleven 
species of Lutjanus from the central Great Barrier Reef. Fishery Bulletin 98:474-
488. 
Carlander KD. (1987). A history of scale age and growth studies of North American 
freshwater fish. pp. 3-14 in Summerfelt RC and Hall GE, (ed.) Age and Growth of 
Fish Iowa State University Press, Ames, Iowa. 
Carragher JF and Rees CM. (1994). Primary and secondary stress responses in golden 
perch, Macquaria ambigua. Comparative Biochemistry & Physiology A-
Comparative Physiology 107: 49-56. 
Casselman JM. (1987). Determination of age and growth. pp. 209-242 in Weatherly AH 
and Gill HS (ed.) The Biology of Fish Growth. Academic Press, Orlando, Florida. 
Casselman JM. (1990). Growth and relative size of calcified structures in fish. 
Transactions of the American Fisheries Society 119:673-688. 
Cattadori IM, Hudson PJ, Merler S, and Rizzoli A. (1999). Synchrony, scale and 
temporal dynamics of rock partridge (Alectoris graeca saxatilis) populations in the 
Dolomites. Journal of Animal Ecology 68:540-549. 
Cattaneo F, Hugueny B, and Lamouroux N. (2003). Synchrony in brown trout, Salmo 
trutta, population dynamics: a 'Moran effect' on early-life stages. Oikos 100:43-54. 
Chabot D and Dutil JD. (1999). Reduced growth of Atlantic cod in non-lethal hypoxic 
conditions. Journal of Fish Biology 55: 472-491. 
Chambers RC and Miller TJ. (1995). Evaluating fish growth by means of otolith 
increment analysis: special properties of individual-level longitudinal data. pp. 
155-175 in Secor DH, Dean JM, and Campana SE (ed.) Recent Developments in 
Fish Otolith Research. University of South Carolina Press, Columbia, South 
Carolina. 
Chang WYB. (1982). A statistical method for evaluating the reproducibility of age 
estimation. Canadian Journal of Fisheries & Aquatic Sciences 39: 1208-1210. 
Chivas AR, De Deckker P and Shelley JMG. (1985). Strontium content of ostracods 
indicates lacustrine palaeosalinity. Nature 316: 251-253. 
Chivas AR, De Deckker P and Shelley JMG. (1986). Magnesium and strontium in non-
marine ostracod shells as indicators of palaeosalinity and palaeotemperature. 
Hydrobiologia 143: 135-142. 
Choy SC, Thomson CB, and Marshall JC. (2002). Ecological condition of central 
Australian arid-zone rivers. Water Science & Technology 45: 225-232. 
238 
References 
Clark JS, Grimm EC, Donovan JJ, Fritz SC, Engstrom DR, and Almendinger JE. (2002). 
Drought cycles and landscape responses to past aridity on prairies of the northern 
Great Plains, USA. Ecology 83:595-601. 
Cole LC. (1954). The population consequences of life history phenomena. Quarterly 
Review of Biology 29: 103-137. 
Collingham YC, and Huntley B. (2000). Impacts of habitat fragmentation and patch size 
upon migration rates. Ecological Applications 10: 131-144. 
Collins AL and Anderson TA. (1995). The regulation of endogeneous energy stores 
during starvation and refeeding in the somatic tissues of the golden perch. Journal 
of Fish Biology 47: 1004-1015. 
Collins AL and Anderson TA. (1997). The influence of changes in food availability on 
the activities of key degradative and metabolic enzymes in the liver and epaxial 
muscle of the golden perch. Journal of Fish Biology 50: 1158-1165. 
Collins AL and Anderson TA. (1999). The role of food availability in regulating 
reproductive development in female golden perch. Journal of Fish Biology 55: 94-
104. 
Colloca F, Cardinale M, Marcello A and Ardizzone GD. (2003). Tracing the life history 
of red gurnard (Aspitrigla cuculus) using validated otolith annual rings. Journal of 
Applied Ichthyology 19:1-9. 
Connin SL, Betancourt J and Quade J. (1998). Late Pleistocene C-4 plant dominance 
and summer rainfall in the southwestern United States from isotopic study of 
herbivore teeth. Quaternary Research 50: 179-193. 
Cook ER and Kairiukstis LA, (Ed.) (1990). Methods of Dendrochronology. Kluwer 
Academic Publishers, Dordrecht, Netherlands. 
Cook ER. (1992). Using tree rings to study past El Nino/Southern Oscillation influences 
on climate. Pages 203-214 in Diaz HF and Markgraf V, (Ed.). El Nino: Historical 
and palaeoclimatic aspects of the Southern Oscillation. Cambridge University 
Press, Cambridge. 
Cook ER. (1995). Temperature histories from tree rings and corals. Climate Dynamics 
11: 211-222. 
Coope GR. (1979). Late Cenozoic fossil Coleoptera: evolution, biogeography and 
ecology. Annual Review of Ecology & Systematics 10:247-267. 
Costelloe JF, Hudson P, Pritchard JC, Puckridge JT, and Reid JRW. (2004). ARIDFLO -
Environmental Flow Requirements for Australian Arid Zone Rivers, Final Report 
to Department of Water, Land and Biodiversity Conservation, Adelaide. 
Covich AP, Fritz SC, Lamb PJ, Marzolf RD, Matthews WJ, Poiani KA, Prepas EE, 
Richman MB, and Winter TC. (1997). Potential effects of climate change on 
aquatic ecosystems of the Great Plains of North America. Hydrological Processes 
11:993-1021. 
Cowan JH, Rose KA and De Vries DR. (2000). Is density-dependent growth in young-of-
the-year fishes a question of critical weight? Reviews in Fish Biology & Fisheries 
10:61-89. 
Cox SP and Hinch SG. (1997). Changes in size at maturity of Fraser River sockeye 
salmon (Oncorhynchus nerka) (1952-1993) and associations with temperature. 
Canadian Journal of Fisheries & Aquatic Sciences 54: 1159-1165. 
239 
References 
Crabtree RE, Harnden CW, Snodgrass D and Stevens C. (1996). Age, growth, and 
mortality of bonefish, Albula vulpes, from the waters of the Florida Keys. Fishery 
Bulletin 94:442-451. 
Crook DA, Robertson AI, King AJ and Humphries P. (2001). The influence of spatial 
scale and habitat arrangement on diel patterns of habitat use by two lowland river 
fishes. Oecologia 129:525-533. 
Culver DA and Geddes MC. (1993). Limnology of rearing ponds for Australian fish 
larvae - relationships among water quality, phytoplankton, zooplankton, and the 
growth of larval fish. Australian Journal of Marine & Freshwater Research 44: 
537-551. 
Cyterski MJ and Spangler GR. (1996). Development and utilization of a population 
growth history of red lake walleye, Stizostedion vitreum. Environmental Biology of 
Fishes 46:45-59. 
D'Arrigo R, Villalba R and Wiles G. (2001). Tree-ring estimates of Pacific decadal 
climate variability. Climate Dynamics 18: 219-224. 
Davis AJ, Jenkinson LS, Lawton JH, Shorrocks B, and Wood S. (1998). Making 
mistakes when predicting shifts in species range in response to global warming. 
Nature 391:783-786. 
de Roos AM, McCauley E, and Wilson WG. (1991). Mobility versus density-limited 
predator-prey dynamics on different spatial scales. Proceedings of the Royal 
Society of London - Series B: Biological Sciences 246: 117-122. 
Deacon JE and Minckley WL. (1974). Desert Fishes. pp. 385-488 in Brown Jr GW, (ed.) 
Desert Biology Academic Press, New York and London. 
Degens ET, Deuser WG, and Haedrich RL. (1969). Molecular structure and composition 
of fish otoliths. Marine Biology 2: 105-113. 
Destasio BT, Hill DK, Kleinhans JM, Nibbelink NP and Magnuson JJ. (1996). Potential 
effects of global climate change on small north-temperate lakes- physics, fish, and 
plankton. Limnology & Oceanography 41: 1136-1149. 
Dettman DL, Kohn MJ, Quade J, Ryerson FJ, Ojha TP and Hamidullah S. (2001). 
Seasonal stable isotope evidence for a strong Asian monsoon throughout the past 
10.7 m.y. Geology 29: 31-34. 
Diaz HF, and Markgraf V, (Ed.). (1992). El Nino: Historical and palaeoclimatic aspects 
of the Southern Oscillation. Cambridge University Press, Cambridge. 
Diaz SC, Touchan R and Swetnam TW. (2001). A tree-ring reconstruction of past 
precipitation for Baja California Sur, Mexico. International Journal of 
Climatology 21: 1007-1019. 
Dorn MW. (1992). Detecting environmental covariates of Pacific whiting Merluccius 
productus growth using a growth-increment regression model. Fishery Bulletin 90: 
260-275. 
Dorn MW. (1995). The effects of age composition and oceanographic conditions on the 
annual migration of pacific whiting, Merluccius productus. California Cooperative 
Oceanic Fisheries Investigations Reports 36: 97-105. 
Douglas MR, Brunner PC, and Douglas ME. (2003). Drought in an evolutionary 
context: molecular variability in Flannelmouth Sucker (Catostomus latipinnis) 
from the Colorado River Basin of western North America. Freshwater Biology 48: 
1254-1273. 
240 
References 
Downton MW and Miller KA. (1998). Relationships between Alaskan salmon catch and 
North Pacific climate on interannual and interdecadal time scales. Canadian 
Journal of Fisheries & Aquatic Sciences 55: 2255-2265. 
Draper NR, and Smith HH. (1981). Applied Regression Analysis. Wiley, New York. 
Dufour E, Cappetta H, Denis A, Dauphin Y and Mariotti A. (2000). Otolith diagenesis 
comparing microstructural, mineralogical and geochemical data: application to 
Pliocene fossils from southeastern France. Bulletin de la Societe Geologique de 
France 171: 521-532. 
Dufour E. (1999). Palaeoenvironmental and palaeodietary implications of carbon and 
nitrogen isotopic abundances of teleost fishes. Cybium 23: 419-420. 
Dufour V, Pierre C, and Rancher J. (1998). Stable isotopes in fish otoliths discriminate 
between lagoonal and oceanic residents of Taiaro atoll (Tuamotu archipelago, 
French Polynesia). Coral Reefs 17:23-28. 
Dunwiddie PW, and LaMarche VC. (1980). Dendrochronological characteristics of 
some native Australian trees. Australian Forestry 43:124-135. 
Eby LA, Fagan WF, and Minckley WL. (2003). Variability and dynamics of a desert 
stream community. Ecological Applications 13: 1566-1579. 
Edmondston V. (2001). Managing the Channel Country Sustainably - Producers' 
Experiences. Department of Primary Industries, Queensland, Brisbane. 
Elder KL, Jones GA and Bolz G. (1996). Distribution of otoliths in surficial sediments 
of the US Atlantic continental shelf and slope and potential for reconstructing 
Holocene fish stocks. Paleoceanography 11: 359-367. 
Eldredge N. (1986). Time Frames: the rethinking of Danvininan evolution and the 
theory of punctuated equilibria. Heinemann, London. 
Eldredge N. (1989). Macroevolutionary dynamics: Species, niches and adaptive peaks. 
McGraw-Hill, New York. 
Elton C. (1924). Periodic fluctuations in the numbers of animals: their causes and 
effects. British Journal of Experimental Biology 2: 119-163. 
Escot C and Granado-Lorencio C. (1999). Comparison of four methods of back-
calculating growth using otoliths of a European barbel, Barbus sclateri (Gunther) 
(Pisces: Cyprinidae). Marine & Freshwater Research 50:83-88. 
Fagan WF, Unmack PJ, Burgess C, and Minckley WL. (2002). Rarity, fragmentation, 
and extinction risk in desert fishes. Ecology 83: 3250-3256. 
Fisher SJ and Willis DW. (2000). Seasonal dynamics of aquatic fauna and habitat 
parameters in a perched upper Missouri River wetland. Wetlands 20: 470-478. 
Forrester GE. (1995). Strong density-dependent survival and recruitment regulate the 
abundance of a coral reef fish. Oecologia 103: 275-282. 
Fox DL. (2000). Growth increments in Gomphotherium tusks and implications for late 
Miocene climate change in North America. Palaeogeography Palaeoclimatology 
Palaeoecology 156: 327-348. 
Francis RICC and Horn PL. (1997). Transition zone in otoliths of orange roughy 
(Hoplostethus atlanticus) and its relationship to the onset of maturity. Marine 
Biology 129:681-687. 
Francis RICC. (1990). Back-calculation of fish length: a critical review. Journal of Fish 
Biology 36:883-902. 
241 
References 
Friedland KD, Hansen LP, Dunkley DA, and MacLean JC. (2000). Linkage between 
ocean climate, post-smolt growth, and survival of Atlantic salmon (Salmo salar L.) 
in the North Sea area. ICES Journal of Marine Science 57: 419-429. 
Fritts HC. (1976). Tree Rings and Climate Academic Press, 553pp. London, New York, 
San Francisco. 
Fruget JF, Centofanti M, Dessaix J, Olivier JM, Druart JC and Martinez PJ. (2001). 
Temporal and spatial dynamics in large rivers: example of a long-term monitoring 
of the middle Rhone River. International Journal of Limnology 37:237-251. 
Gagan MK and Chivas AR. (1995). Oxygen isotopes in western Australian coral reveal 
Pinatubo aerosol-induced cooling in the western Pacific warm pool. Geophysical 
Research Letters 22: 1069-1072. 
Gagan MK, Ayliffe LK, Beck JW, Cole JE, Druffel ERM, Dunbar RB and Schrag DP. 
(2000). New views of tropical paleoclimates from corals. Quaternary Science 
Reviews 19: 45-64. 
Gehrke PC, and Harris JH. (2001). Regional-scale effects of flow regulation on lowland 
riverine fish communities in New South Wales, Australia. Regulated Rivers-
Research & Management 17:369-391. _ 
Gehrke PC, Brown P, Schiller CB, Moffatt DB, and Bruce AM. (1995). River regulation 
and fish communities in the Murray-Darling river system, Australia. Regulated 
Rivers-Research & Management 11:363-375. 
Genstat Committee (1993). Genstat 5 Release 3 Reference Manual. Clarendon, Oxford. 
Gillanders BM, and Kingsford MJ. (1996). Elements in otoliths may elucidate the 
contribution of estuarine recruitment to sustaining coastal reef populations of a 
temperate reef fish. Marine Ecology-Progress Series 141:13-20. 
Gleason TR and Bengtson DA. (1996). Size-selective mortality of inland silversides-
evidence from otolith microstructure. Transactions of the American Fisheries 
Society 125:860-873. 
Good SP, Dodson JJ, Meekan MG and Ry.an DAJ. (2001). Annual variation in size-
selective mortality of Atlantic salmon (Salmo salar) fry. Canadian Journal of 
Fisheries & Aquatic Sciences 58:1187-1195. 
Gooley GJ. (1992). Validation of the use of otoliths to determine the age and growth of 
Murray cod, Maccullochella peelii (Mitchell) (Percichthyidae), in Lake 
Charlegrark, western Victoria. Australian Journal of Marine & Freshwater 
Research 43:1091-1102. 
Graf WL. (1987). Fluvial Processes in Dryland Rivers. Springer Verlag, Berlin. 
Graf WL. (1999). Dam nation: A geographic census of American dams and their large-
scale hydrologic impacts. Water Resources Research 35:1305-1311. 
Grenfell BT. (1998). Noise and determinism in synchronized sheep dynamics. Nature 
394:674-677. 
Grenouillet G, Hugueny B, Carrel GA, Olivier JM, and Pont D. (2001). Large-scale 
synchrony and inter-annual variability in roach recruitment in the Rhone River: the 
relative role of climatic factors and density-dependent processes. Freshwater 
Biology 46: 11-26. 
Grimes CB and Isley JJ. (1996). Influence of size-selective mortality on growth of Gulf 
menhaden and King mackerel larvae. Transactions of the American Fisheries 
Society 125:741-752. 
242 
References 
Gunderson DR. (1997). Trade-off between reproductive effort and adult survival in 
oviparous and viviparous fishes. Canadian Journal of Fisheries & Aquatic 
Sciences 54: 990-998. 
Gurney WSC, Middleton DAJ, Nisbet RM, McCauley E, Murdoch WW, and DeRoos A. 
(1998). Circles and spirals: population persistence in a spatially explicit 
predator-prey model. Ecology 79:2516-2530. 
Guyette RP and Rabeni CF. (1995). Climate response among growth increments of fish 
and trees. Oecologia 104:272-279. 
Hales Jr LS and Reitz EJ. (1992). Historical changes in age and growth of Atlantic 
croaker, Micropogonias undulatus (Perciformes: Sciaenidae). Journal of 
Archaeological Science 19: 73-99. 
Harris JH and Rowland SJ. (1996). Family Percichthyidae. Australian freshwater cod 
and basses. pp. 150-163 in McDowall RM, (ed.) Freshwater Fishes of South-
easternAustralia Reed, Sydney. 
Haydon D, and Steen H. (1997). The effects of large- and small-scale random events on 
the synchrony of metapopulation dynamics - a theoretical analysis. Proceedings of 
the Royal Society of London - Series B: Biological Sciences 264:1375-1381. 
Hederstrom H. (1959). Observations on the Age of Fishes, Rep. No. 40. Inst. Freshwater 
Res., Drottningholm. 
Hendry AP, and Kinnison MT. (1999). Perspective: The pace of modern life: Measuring 
rates of contemporary microevolution. Evolution 53:1637-1653. 
Higham TFG and Horn PL. (2000). Seasonal dating using fish otoliths: Results from the 
Shag River Mouth site, New Zealand. Journal of Archaeological Science 21: 439-
448. 
Hixon MA and Carr MH. (1997). Synergistic predation, density dependence, and 
population regulation in marine fish. Science 277: 946-949. 
Hoff GR and Fuiman LA. (1993). Morphometry and composition of red drum otoliths-
changes associated with temperature, somatic growth rate, and age. Comparative 
Biochemistry & Physiology A 106:209-219. 
Holbrook SJ, Schmitt RJ and Stephens JS. (1997). Changes in an assemblage of 
temperate reef fishes associated with a climate shift. Ecological Applications 1: 
1299-1310. 
Holmes JA. (1996). Trace-element and stable-isotope geochemistry of non-marine 
ostracod shells in quaternary palaeoenvironmental reconstruction. Journal of 
Paleolimnology 15: 223-235. 
Holmes RL, Adams RK, and Fritts HC. (1986). Tree ring chronologies of western North 
America: California, Eastern Oregon and Northern Great Basin with procedures 
used in the chronology development work. Chronology series VI. Laboratory of 
tree-ring research, University of Arizona, Tuscon. 
Holyoak M, and Lawler SP. (1996). The role of dispersal in predator-prey 
metapopulation dynamics. Journal of Animal Ecology 65:640-652. 
Holyoak M, Lawler SP, and Crowley PH. (2000). Predicting extinction: Progress with 
an individual-based model of protozoan predators and prey. Ecology 81:3312-
3329. 
Hope J. (1993). Pleistocene Archaeological sites in the central Murray-Darling Basin. 
Pages 183-196 in Smith MA, Spriggs M, and Fankhauser B (ed.). Sahul in Review: 
Pleistocene Archaeology in Australia, New Guinea and Island Melanesia 
243 
References 
(Occasional Papers in Prehistory (No.24). The Australian National University, 
Canberra, Australia. 
Hudson PJ, and Cattadori IM. (1999). The Moran effect: a cause of population 
synchrony. Trends in Ecology & Evolution 14:1-2. 
Humphries P and Lake PS. (2000). Fish larvae and the management of regulated rivers. 
Regulated Rivers-Research & Management 16: 421-432. 
Humphries P, King AJ, and Koehn JD. (1999). Fish, flows and flood plains: links 
between freshwater fishes and their environment in the Murray-Darling River 
system, Australia. Environmental Biology of Fishes 56: 129-151. 
Humphries P, Serafini LG, and King AJ. (2002). River regulation and fish larvae: 
variation through space and time. Freshwater Biology 41: 1307-1331. 
Hutchinson GE. (1957). A Treatise on Limnology Wiley. 
Ingram BL and Depaolo DJ. (1993). A 4300-year strontium isotope record of estuarine 
paleosalinity in San Francisco Bay, California. Earth & Planetary Science Letters 
119: 103-119. 
Ivany LC, Patterson WP and Lohmann KC. (2000). Cooler winters as a possible cause of 
mass extinctions at the Eocene/Oligocene boundary. Nature 407: 887-890. 
Jackson JBC, Kirby MX, Berger WH, Bjomdal KA, Botsford LW, Bourque BJ, 
Bradbury RH, Cooke R, Erlandson J, Estes JA, Hughes TP, Kidwell S, Lange CB, 
Lenihan HS, Pandolfi JM, Peterson CH, Steneck RS, Tegner MJ, and Warner RR. 
(2001). Historical overfishing and the recent collapse of coastal ecosystems. 
Science 293:629-638. 
Jacoby GC. (1997). Application of tree ring analysis to paleoseismology. Reviews of 
Geophysics 35: 109-124. 
Jager HI, Van Winkle Wand Holcomb BD. (1999). Would hydrologic climate changes 
in Sierra Nevada streams influence trout persistence? Transactions of the 
American Fisheries Society 128: 222-240. 
Jellyman DJ. (1997). Variability in growth rates of freshwater eels (Anguilla spp.) in 
New Zealand. Ecology of Freshwater Fish 6: 108-115. 
Jerry DR, Elphinstone MS and Baverstock PR. (2001). Phylogenetic relationships of 
Australian members of the family Percichthyidae inferred from mitochondrial 12S 
rRNA sequence data. Molecular Phylogenetics & Evolution 18: 335-347. 
Jobling M. (1996). Temperature and growth: modulation of growth rate via temperature 
change. pp. 225-253 in Wood CM and McDonald DO, (ed.) Global Warming: 
Implications for Freshwater and Marine Fish Cambridge University Press, 
Cambridge. 
Johnson GD. (1984). Percoidei: development and relationships. pp. 464-498, (ed.) 
Ontogeny and Systematics of Fishes Allen Press, Lawrence, Kansas. 
Jones CM. (1992). Development and application of the otolith increment technique. pp. 
1-11 in Stevenson DK and Campana SE, (ed.) Otolith Microstructure Examination 
and Analysis Department of Fisheries and Oceans, Ottawa. 
Junk WJ, Bayley PB, and Sparks RE. (1989). The Flood Pulse Concept in River-
Floodplain Systems. Canadian Special Publication of Fisheries and Aquatic 
Sciences 106: 110-127. 
Jurado-Molina J, and Livingston P. (2002). Climate-forcing effects on trophically linked 
groundfish populations: implications for fisheries management. Canadian Journal 
of Fisheries and Aquatic Sciences 59:1941-1951. 
244 
References 
Kacem A, Gustafsson S and Meunier FJ. (2000). Demineralization of the vertebral 
skeleton in Atlantic salmon, Salmo salar L., during spawning migration. 
Comparative Biochemistry & Physiology A 125: 479-484. 
Kalish JM. (1989). Otolith microchemistry: validation of the effects of physiology, age 
and environment on otolith composition. Journal of Experimental Marine Biology 
and Ecology 132:151-178. 
Kalish JM. (1990). Use of otolith microchemistry to distinguish the progeny of 
sympatric anadromous and non-anadromous salmonids. Fishery Bulletin 88:657-
666. 
Kalish JM. (1991). Oxygen and carbon stable isotopes in the otoliths of wild and 
laboratory-reared Australian salmon (Arripis trutta ). Marine Biology 110:37-47. 
Kaustuv R, Jablonski D, and Valentine JW. (2001). Climate change, species range limits 
and body size in marine bivalves. Ecology Letters 4: 366-370. 
Kaustuv R, Jablonski D, and Valentine JW. (2001). Climate change, species range limits 
and body size in marine bivalves. Ecology Letters 4:366-370. 
Kefous K. (1977). We have a fish with ears, and wonder if it is valuable? Honours. 
Australian National University. 
Kidwell SM and Holland SM. (2002). The quality of the fossil record: Implications for 
evolutionary analyses. Annual Review of Ecology and Systematics 33: 561-588. 
Kimura DK. (1980). Likelihood methods for the von Bertalanffy growth curve. Fishery 
Bulletin 77: 765-776. 
King AJ, Humphries P, and Lake PS. (2003). Fish recruitment on floodplains: the roles 
of patterns of flooding and life history characteristics. Canadian Journal of 
Fisheries & Aquatic Sciences 60: 773-786. 
King JR, Mcfarlane GA, and Beamish RJ. (2000). Decadal-scale patterns in the relative 
year class success of sablefish (Anoplopoma fimbria). Fisheries Oceanography 9: 
62-70. 
King JR, Shuter BJ, and Zimmerman AP. (1999). Empirical links between thermal 
habitat, fish growth, and climate change. Transactions of the American Fisheries 
Society 128: 656-665. 
Kingsford RT, Curtin AL and Porter J. (1999). Water flows on Cooper Creek in arid 
Australia determine 'boom' and 'bust' periods for waterbirds. Biological 
Conservation 88:231-248. 
Kingsford RT. (1995). Occurrence of high concentrations of waterbirds in arid Australia. 
Journal of Arid Environments 29: 421-425. 
Kingsford RT. (2000). Ecological impacts of dams, water diversions and river 
management on floodplain wetlands in Australia. Austral Ecology 25:109-127. 
Kinnison MT, and Hendry AP. (2001). The pace of modern life II: from rates of 
contemporary microevolution to pattern and process. Genetica 112:145-164. 
Knighton AD and Nanson GC. (1994). Flow transmission along an arid zone 
anastomosing river, Cooper Creek, Australia. Hydrological Processes 8: 137-154. 
Kodric-Brown A. (1981). Variable breeding systems in pup-fishes (genus Cyprinodon): 
adaptation to changing environments. pp. 205-235 in Naiman RJ and Soltz DL, 
(ed.) Fishes in North American Deserts Wiley, New York. 
Koehn JD and O'Connor WG. (1990). Biological Information for Management of Native 
Freshwater Fish in Victoria Department of Conservation and Environment, 
Freshwater Fish Management Branch, Arthur Rylah Institute for Environmental 
Research, Melbourne, Australia. 
Koenig WD, Knops JMH, Carmen WJ, and Stanback MT. (1999). Spatial dynamics in 
the absence of dispersal: acorn production by oaks in central coastal California. 
Ecography 22:499-506. 
245 
References 
Koenig WD. (1998). Spatial autocorrelation in California land birds. Conservation 
Biology 12:612-620. 
Koenig WD. (1999). Spatial autocorrelation of ecological phenomena. Trends in 
Ecology & Evolution 14:22-26. 
Koenig WD. (2002). Global patterns of environmental synchrony and the Moran effect. 
Ecography 25:283-288. 
Kotwicki V and Allan R. (1998). La Nifia de Australia - contemporary and palaeo-
hydrology of Lake Eyre. Palaeogeography Palaeoclimatology Palaeoecology 144: 
265-280. 
Kotwicki V. (1986). Floods of Lake Eyre. Engineering and Water Supply Department, 
Adelaide. 
Krebs CJ, Boonstra R, and Kenney AJ. (1995). Population dynamics of the collared 
lemming and the tundra vole at Pearce Point, Northwest Territories, Canada. 
Oecologia 103:481-489. 
Krebs CJ, Boonstra R, Boutin S, and Sinclair ARE. (2001). What drives the 10-year 
cycle of snowshoe hares? Bioscience 51:25-35. 
Krebs CJ. (1996). Population cycles revisited. Journal of Mammalogy 77:8-24. 
Krebs CJ. (1997). Vole cycles on Hokkaido - a time-series goldmine. Trends in Ecology 
& Evolution 12:340-341. 
Kuhnert H, Patzold J, Wyrwoll KH, and Wefer G. (2000). Monitoring climate variability 
over the past 116 years in coral oxygen isotopes from Ningaloo Reef, Western 
Australia. International Journal of Earth Sciences 88: 725-732. 
Lake JS. (1967a). Freshwater fish of the Murray-Darling river system: the native and 
introduced fish species. New South Wales State Fisheries Research Bulletin 
4:48pp. 
Lake JS. (1967b). Rearing experiments with five species of Australian freshwater fishes. 
1. inducement to spawning. Australian Journal of Marine & Freshwater Research 
18:137-153. 
Lake PS. (2003). Ecological effects of perturbation by drought in flowing waters. 
Freshwater Biology 48: 1161-1172. 
Lange RT. (1965). Growth characteristics in an arid zone conifer. Transactions of the 
Royal Society of South Australia 89:133-137. 
Leaman BM. (1991). Reproductive styles and life history variables relative to 
exploitation and management of Sebastes stocks. Environmental Biology of Fishes 
30: 253-271. 
LeBreton GTO and Beamish FWH. (2000a). Suitability of Lake Sturgeon growth rings 
in chronology development. Transactions of the American Fisheries Society 
129:1018-1030. 
LeBreton GTO and Beamish FWH. (2000b ). Interannual growth variation in fish and 
tree rings. Canadian Journal of Fisheries & Aquatic Sciences 57:2345-2356. 
LeBreton GTO, Beamish FWH and Wallace RG. (1999). Lake sturgeon (Acipenser 
fulvescens) growth chronologies. Canadian Journal of Fisheries & Aquatic 
Sciences 56:1752-1756. 
Lee RM. (1912). An investigation into the methods of growth determination in fishes. 
Cons. Perm. Int. Explor. Mer. Puhl. de Circonstance 63:35p. 
Lindstrom J, Ranta E, and Linden H. (1996). Large-scale synchrony in the dynamics of 
capercaillie, black grouse and hazel grouse populations in Finland. Oikos 76:221-
227. 
Lintermans M. (1995a. The Lake Burley Griffin fishery: I994 sampling report. 
Consultancy report to the National Capital Planning Authority. 
Lintermans M. (1995b. The Lake Burley Griffin fishery: I995 sampling report. 
Consultancy report to the National Capital Planning Authority. 
Lintermans M. (1996). The Lake Burley Griffin fishery: 1996 sampling report. 
Consultancy report to the National Capital Planning Authority. 
246 
References 
Lintermans M. (1997). The Lake Burley Griffin fishery: 1997 sampling report. 
Consultancy report to the National Capital Authority. 
Lintermans M. (2002). Bdnging them back: Returning Macquarie perch to the 
Queanbeyan river, NSW. In Watershed, Cooperative Research Centre for 
Freshwater Ecology, Australia. :February 2002:7-8. 
Llewellyn LC. (1966). Age determination of native inland fish of New South Wales. Pp. 
14-19 Fisherman (Sydney). 
Loaiciga HA, Haston L and Michaelsen J. (1993). Dendrohydrology and long-term 
hydrologic phenomena. Reviews of Geophysics 31: 151-171. 
Lombarte A and Lleonart J. (1993). Otolith size changes related with body growth, 
habitat depth and temperature. Environmental Biology of Fishes 37: 297-306. 
Lorenzen K and Enberg K. (2002). Density-dependent growth as a key mechanism in the 
regulation of fish populations: evidence from among-population comparisons. 
Proceedings of the Royal Society of London - Series B: Biological Sciences 269: 
49-54. 
Mackay NJ. (1973). Histological changes in the ovaries of the golden perch, 
Plectroplites ambiguus, associated with the reproductive cycle. Australian Journal 
of Marine & Freshwater Research 24:95-101. 
MacLellan SE and Saunders MW. (1995). A natural tag on the otolith~ of pacific hake 
(Meluccius productus) with implications for age validation and migration. pp. 567-
580 in Secor DH, Dean JM and Campana SE (ed.) Recent Developments in Fish 
Otolith Research. University of South Carolina Press, Columbia, South Carolina. 
Magnuson JJ, Webster KE, Assel RA, Bowser CJ, Dillon PJ, Eaton JG, Evans HE, Fee 
EJ, Hall RI, Mortsch LR, Schindler DW, and Quinn FH. (1997). Potential effects 
of climate changes on aquatic systems - Laurentian Great Lakes and Precambrian 
Shield region. Hydrological Processes 11:825-871. 
Magnuson JJ. (1990). Long-term ecological research and the invisible present. 
Bioscience 40:495-501. 
Magoulick DD and Kobza RM. (2003). The role of refugia for fishes during drought: a 
review and synthesis. Freshwater Biology 48: 1186-1198. 
Mallen-Cooper M and Stuart IG. (2003). Age, growth and non-flood recruitment of two 
potamodromous fishes in a large semi-arid/temperate river system. River Research 
& Applications 19:697-719. 
Mallen-Cooper M, Stuart IG, Hides-Pearson F and Harris JH. (1995). Fish migration in 
the Murray River and assessment of the Torrumbarry fishway. Final report for 
Natural Resources Management Strategy Project N002 NSW Fisheries Research 
Institute and the Cooperative Research Centre for Freshwater Ecology. 
Marshall SL and Parker SS. (1982). Pattern identification in the microstructure of 
sockeye salmon (Oncorhynchus nerka) otoliths. Canadian Journal of Fisheries 
and Aquatic Sciences 39:542-547. 
Massou AM, Panfili J, Lae R, Baroiller JF, Mikolasek 0, Fontenelle G and Le Bail PY. 
(2002). Effects of different food restrictions on somatic and otolith growth in Nile 
tilapia reared under controlled conditions. Journal of Fish Biology 60: 1093-1104. 
Matthews WJ and Marsh-Matthews E. (2003). Effects of drought on fish across axes of 
space, time and ecological complexity. Freshwater Biology 48: 1232-1253. 
McCulloch MT and Esat T. (2000). The coral record of last interglacial sea levels and 
sea surface temperatures. Chemical Geology 169: 107-129. 
McCulloch MT, Gagan MK, Mortimer GE, Chivas AR, and Isdale PJ. (1994). A high-
resolution Sr/Ca and delta-0-18 coral record from the Great Barrier Reef, 
Australia, and the 1982-1983 El-Nifio. Geochimica et Cosmochimica Acta 
58:2747-2754. 
McCulloch MT, Tudhope AW, Esat TM, Mortimer GE, Chappell J, Pillans B, Chivas 
AR, and Omura A. (1999). Coral record of equatorial sea-surface temperatures 
during the penultimate deglaciation at Huon Peninsula. Science 283:202-204. 
247 
References 
McFarlane GA, King JR and Beamish RJ. (2000). Have there been recent changes in 
climate? Ask the fish. Progress in Oceanography 47: 147-169. 
McMahon TA, and Finlayson BL. (2003). Droughts and anti-droughts: the low flow 
hydrology of Australian rivers. Freshwater Biology 48:1147-1160. 
Meekan MG, Dodson JJ, Good SP and Ryan DAJ. (1998). Otolith and fish size 
relationships, measurement error, and size-selective mortality during the early life 
of Atlantic salmon (Salmo salar). Canadian Journal of Fisheries & Aquatic 
Sciences 55:1663-1673. 
Meko D, Stockton CW and Boggess WR. (1995). The tree-ring record of severe 
sustained drought. Water Resources Bulletin 31: 789-801. 
Meko DM, Therrell MD, Baisan CH and Hughes MK. (2001). Sacramento River flow 
reconstructed to AD 869 from tree rings. Journal of the American Water 
Resources Association 37: 1029-1039. 
Melack JM, Dozier J, Goldman CR, Greenland D, Milner AM, and Naiman RJ. (1997). 
Effects of climate change on inland waters of the pacific coastal mountains and 
western great basin of North America. Hydrological Processes 11:971-992. 
Mellars PA and Wilkinson MR. (1980). Fish otoliths as indicators of seasonality in 
prehistoric shell middens: the evidence from Oronsay (Inner Hebrides). 
Proceedings of the Prehistoric $ociety 46: 19-44. 
Merrick JR and Schmida GE. (1984). Australian Freshwater Fishes: Biology and 
Management Merrick, North Ryde, New South Wales. 
Merron G, Bruton M, and Delalouviere PL. (1993). Changes in fish communities of the 
Phongolo floodplain, Zululand (South Africa) before, during and after a severe 
drought. Regulated Rivers-Research & Management 8: 335-344. 
Meyer JL, Sale MJ, Mulholland PJ, and Poff NL. (1999). Impacts of climate change on 
aquatic ecosystem functioning and health. Journal of the American Water 
Resources Association 35:1373-1386. 
Miller GH, Magee JW, and Jull AJT. (1997). Low-latitude glacial cooling in the 
southern hemisphere from amino-acid racemization in emu eggshells. Nature 
385:241-244. 
Millner RS and Whiting CL. (1996). Long-term changes in growth and population 
abundance of Sole in the North Sea from 1940 to the present. ICES Journal of 
Marine Science 53:1185-1195. 
Milton DA, Tenakanai CD, and Chenery SR. (2000). Can the movements of barramundi 
in the Fly River region, Papua New Guinea be traced in their otoliths? Estuarine 
Coastal & Shelf Science 50:855-868. . . . 
Mol JH, Resida D, Ramlal JS, and Becker CR. (2000). Effects of El Nino-related 
drought on freshwater and brackish-water fishes in Suriname; South America. 
Environmental Biology of Fishes 59: 429-440. 
Moloney KA and Levin SA. (1996). The effects of disturbance architecture on 
landscape-level population dynamics. Ecology 77: 375-394. 
Molony BW. (1996). Episodes of starvation are recorded in the otoliths of juvenile 
Ambassis vachelli (Chandidae), a tropical estuarine fish. Marine Biology 125:439-
446. 
Moran PAP. (1953). The statistical analysis of the Canadian lynx cycle. IL 
Synchronization and meteorology. Australian Journal of Zoology 1:291-298. 
Mosegaard H, Svedang Hand Taberman K. (1988). Uncoupling of somatic and otolith 
growth rates in Arctic char (Salvelinus alpinus) as an effect of differences in 
temperature response. Canadian Journal of Fisheries & Aquatic Sciences 45: 1514-
1524. 
Mosegaard H, Svedang H, and Taberman K. (1988). Uncoupling of somatic and otolith 
growth rates in Arctic char (Salvelinus alpinus) as an effect of differences in 
temperature response. Canadian Journal of Fisheries & Aquatic Sciences 45:1514-
1524. 
248 
References 
Mulholland PJ, Best GR, Coutant CC, Hornberger GM, Meyer JL, Robinson PJ, 
Stenberg JR, Turner RE, Veraherrera F, and Wetzel RG. (1997). Effects of climate 
change on freshwater ecosystems of the south-eastern United States and the Gulf 
coast of Mexico. Hydrological Processes 11:949-970. 
Murphy GI. (1968). Patterns in life history and the environment. American Naturalist 
102: 391-403. 
Murray-Darling Basin Commission. (2004). Native Fish Strategy for the Murray-
Darling Basin 2003-2013. Canberra. 
Musyl MK and Keenan CP. (1992). Population genetics and zoogeography of Australian 
freshwater golden perch, Macquaria ambigua (Richardson 1845) (Teleostei: 
Percichthyidae ), and electrophoretic identification of a new species from the Lake 
Eyre Basin. Australian Journal of Marine & Freshwater Research 43: 1585-1601. 
Musyl MK. (1990). Meristic, morphometric and electrophoretic studies of two native 
species of freshwater fishes, Macquaria ambigua (Percichthyidae) and Tandanus 
tandanus (Plotosidae), in southeastern Australia. Unpub. PhD, University of New 
England, Armidale, New South Wales. 
Nanson GC, Rust BR and Taylor G. (1986). Coexistent mud braids and anastomosing 
channels in an arid-zone river: Cooper Creek, central Australia. Geology 14: 175-
178. 
National Capital Development Commission. (1973). Environmental Impact Statement 
for the Googong Water Supply. Commonwealth Department of Works, Canberra 
ACT. 
Nicholls N. (1992). Historical El Nino/Southern Oscillation variability in the 
Australasian region. Pages 151-173 in Diaz HF and Markgraf V, (Ed.). El Nino: 
Historical and palaeoclimatic aspects of the Southern Oscillation. Cambridge 
University Press, Cambridge. 
Nolf D. (1995). Studies on fossil otoliths- the state of the art. pp. 513-544 in Secor DH, 
Dean JM and Campana SE, (ed.) Recent Developments in Fish Otolith Research, 
Columbia, South Carolina. 
Norbury GL, Norbury DC, and Oliver AJ. (1994). Facultative behaviour in 
unpredictable environments - mobility of red kangaroos in arid Western Australia. 
. Journal of Animal Ecology 63: 410-418. 
Norton DA. (1990. Dendrochronology in the Southern Hemisphere. pp. 17-21 in 
Methods of Dendrochronology, Cook ER, Kairiukstis LA (Eds.). Kluwer 
Academic Publishers, Dordrecht, Netherlands. 
Nunn AD, Cowx IG, Frear PA, and Harvey JP. (2003). Is water temperature an adequate 
predictor of recruitment success in cyprinid fish populations in lowland rivers? 
Freshwater Biology 48: 579-588. 
Ogle DH, Spangler GR and Shroyer SM. (1994). Determining fish age from temporal 
signatures in growth increments. Canadian Journal of Fisheries & Aquatic 
Sciences 51: 1721-1727. 
Ostazeski JJ and Spangler GR. (2001). Use of biochronology to examine interactions of 
freshwater drum, walleye and yellow perch in the Red Lakes of Minnesota. 
Environmental Biology of Fishes 61:381-393. 
Palmqvist P, Grokke DR, Arribas A and Farina RA. (2003). Paleoecological 
reconstruction of a lower Pleistocene large mammal community using 
biogeochemical (delta C-13, delta N-15, delta 0-18, Sr:Zn) and ecomorphological 
approaches. Paleobiology 29: 205-229. 
Panfili J and Ximenes MC. (1992). Measurements on ground or sectioned otoliths: 
possibilities of bias. Journal of Fish Biology 41:201-207. 
Paperno R, Targett TE and Grecay PA. (1997). Daily growth increments in otoliths of 
juvenile weakfish, Cynoscion regalis- experimental assessment of changes in 
increment width with changes in feeding rate, growth rate, and condition factor. 
Fishery Bulletin 95:521-529. 
249 
References 
Parker DE, Wilson H, Jones PD, Christy JR, and Folland CK. (1996). The impact of 
Mount Pinatubo on world-wide temperatures. International Journal of 
Climatology 16: 487-497. 
Parmesan C, Root TL, and Willig MR. (2000). Impacts of extreme weather and climate 
on terrestrial biota. Bulletin of the American Meteorological Society 81:443-450. 
Parmesan C, Ryrholm N, Stefanescu C, Hill JK, Thomas CD, Descimon H, Huntley B, 
Kaila L, Kullberg J, Tammaro T, Tennent WJ, Thomas JA, and Warren M. (1999). 
Poleward shifts in geographical ranges of butterfly species associated with 
regional warming. Nature 399:579-583. 
Patterson WP. (1998). North American continental seasonality during the last 
millenium- high-resolution analysis of sagittal otoliths. Palaeogeography 
Palaeoclimatology Palaeoecology 138: 271-303. 
Patterson WP. (1999). Oldest isotopically characterized fish otoliths provide insight to 
Jurassic continental climate of Europe. Geology 27: 199-202. 
Pauly D and Gaschutz G. (1979). A simple method for fitting oscillating length growth 
data with a program for pocket calculators. Int. Counc. Explor. Sea. 
Pauly D. (1980). On the interrelationships between natural mortality, growth parameters 
and mean environmental temperature in 175 fish stocks. Journal Du Conseil 
International Pour L'Exploration De La Mer 39: 175-192. 
Pauly D. (1980). On the interrelationships between natural mortality, growth parameters 
and mean environmental temperature in 175 fish stocks. Journal Du Conseil 
International Pour L'Exploration De La Mer 39: 175-192. 
Pearman GI. (1971). An exploratory investigation of the growth rings of Callitris preissi 
tress from Garden Island and Naval Base. The Western Australian Naturalist 
12:12-17. 
Pearson SG, and Searson MJ. (2002). High-resolution data from Australian trees. 
Australian Journal of Botany 50:431-439. 
Peltonen M, Liebhold AM, Bjornstad ON, and Williams DW. (2002). Spatial synchrony 
in forest insect outbreaks: Roles of regional stochasticity and dispersal. Ecology 
83:3120-3129. 
Pepin P, Dower JF, and Benoet HP. (2001). The role of measurement error on the 
interpretation of otolith increment width in the study of growth in larval fish. 
Canadian Journal of Fisheries & Aquatic Sciences 58: 2204-2212. 
Pereira DL, Bingham C, Spangler GR, Conner DJ and Cunningham PK. (1995). 
Construction of a 110-year biochronology from sagittae of freshwater drum 
(Aplodinotus grunniens). pp. 177-196 in Secor DH, Dean JM and Campana SE, 
(ed.) Recent Developments in Fish Otolith Research University of South Carolina 
Press, Columbia, South Carolina. 
Pickup G. (1998). Desertification and climate change - the Australian perspective. 
Climate Research 11:51-63. 
Poff NL and Allan JD. (1995). Functional organization of stream fish assemblages in 
relation to hydrological variability. Ecology 76: 606-627. 
Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter BD, Sparks RE, and 
Stromberg JC. (1997). The natural flow regime. Bioscience 47: 769-784. 
Poff NL, and Allan JD. (1995). Functional organization of stream fish assemblages in 
relation to hydrological variability. Ecology 76:606-627. 
Post E, and Forchhammer MC. (2002). Synchronization of animal population dynamics 
by large-scale climate. Nature 420:168-171. 
Post E. (2003). Large-scale climate synchronizes the timing of flowering by multiple 
species. Ecology 84:277-281. 
Predavec M. (1994). Population dynamics and environmental changes during natural 
irruptions of Australian desert rodents. Wildlife Research 21: 569-582. 
Pritchard JC, Puckridge JT, and Bailey V. (2004). Fish general biological results. pp. 
267-335, in ARIDFLO - Environmental Flow Requirements for Australian Arid 
250 
References 
Zone Rive.rs Final Report to the Department of Water, Land and Biodiversity 
Conservation, Adelaide. 
Puckridge JT, Sheldon F, Walker KF and Boulton AJ. (1998). Flow variability and the 
ecology of large rivers. Marine & Freshwater Research 49: 55-72. 
Puckridge JT, Walker KF and Costelloe JF. (2000). Hydrological persistence and the 
ecology of dryland rivers. Regulated Rivers-Research & Management 16: 385-
402. 
Puckridge JT, Walker KF, and Costelloe JF. (2000). Hydrological persistence and the 
ecology of dryland rivers. Regulated Rivers-Research & Management 16:385-402. 
Puckridge JT. (1999). The role of hydrology in the ecology of Cooper Creek, Central 
Australia: implications for the Flood Pulse Concept. Unpub. PhD Thesis, 
University of Adelaide. 
Pusey BJ and Kennard MJ. (2001). Guyu wujalwujalensis, a new genus and species 
(Pisces: Percichthyidae) from north-eastern Queensland. lchthyol. Explor. 
Freshwaters 12: 17-28. 
Pyper BJ and Peterman RM. (1998). Comparison of methods to account for 
autocorrelation in correlation analyses of fish data. Canadian Journal of Fisheries 
& Aquatic Sciences 55: 2127-2140. 
Quinn TP and Buck GB. (2001). Size- and sex-selective mortality of adult sockeye 
salmon: Bears, gulls, and fish out of water. Transactions of the American Fisheries 
Society 130: 995-1005. 
Ranta E, Kaitala V, and Lindstrom J. (1997a). Dynamics of Canadian lynx populations 
in space and time. Ecography 20:454-460. 
Ranta E, Kaitala V, and Lindstrom J. (1999). Spatially autocorrelated disturbances and 
patterns in population synchrony. Proceedings of the Royal Society of London -
Series B: Biological Sciences 266:1851-1856. 
Ranta E, Kaitala V, and Lundberg P. (1997b). The spatial dimension in population 
fluctuations. Science 278:1621-1623. 
Ranta E, Kaitala V, and Lundberg P. (1998). Population variability in space and time -
the dynamics of synchronous population fluctuations. Oikos 83:376-382. 
Ranta E, Kaitala V, Lindstrom J, and Linden H. (1995). Synchrony in population 
dynamics. Proceedings of the Royal Society of London - Series B: Biological 
Sciences 262:113-118. 
Rasmussen EM, Wang X, and Ropelewski CF. (1990). The biennial component of 
ENSO variability. Journal of Marine Systems 1:71-96. 
REAP. (1990). Culture potential of the Golden Perch, Rep. No. 23. Rural Education In 
Aquaculture Production. 
Reid J, Jaensch Rand Bourke P. (2004). Waterbird general biological results. pp. 336-
370, in ARIDFLO - Environmental Flow Requirements for Australian Arid Zone 
Rivers Final Report to the Department of Water, Land and Biodiversity 
Conservation, Adelaide. 
Reynolds CS. (1976). Decline of the native fish species in the River Murray. South 
Australian Fisheries Industry Council 8: 19-24. 
Reynolds LF. (1983). Migration patterns of five fish species in the Murray-Darling river 
system. Australian Journal of Marine & Freshwater Research 34: 857-871. 
Reznick DN, Lindbeck E and Bryga HA. (1989). Slower growth results in larger 
otoliths: an experimental test with guppies (Poecilia reticulata). Canadian Journal 
of Fisheries & Aquatic Sciences 46: 108-112. 
Reznick DN. (1983). The structure of guppy life histories: the trade off between growth 
and reproduction. Ecology 64: 862-873. 
Richter BD, Baumgartner JV, Wigington R, and Braun DP. (1997). How much water 
does a river need. Freshwater Biology 37: 231-249. 
251 
References 
Ricker WE. (1969). Effects of size-selective mortality and sampling bias on estimates of 
growth, mortality, production, and yield. Journal of the Fisheries Research Board 
of Canada 26:479-541. 
Ricker WE. (1975). Computation and interpretation of biological statistics of fish 
populations. Bulletin of the Fisheries Research Board of Canada 191:382p. 
Rijnsdorp AD and Vanleeuwen PI. (1996). Changes in growth of North Sea plaice since 
1950 in relation to density, eutrophication, beam-trawl effort, and temperature. 
ICES Journal of Marine Science 53:1199-1213. 
Rodier JA. (1985). Aspects of Arid Zone Hydrology. pp. 205-247 in Rodda JC (ed.) 
Facets of Hydrology, Vol.2. Wiley, Chichester. 
Roff DA, Mostowy S and Fairbairn DJ. (2002). The evolution of trade-offs: Testing 
predictions on response to selection and environmental variation. Evolution 56: 
84-95. 
Roff DA. (1978). Size and survival in a stochastic environment. Oecologia. 36:163-172. 
Roff DA. (1984). The evolution of life history parameters. Canadian Journal of 
Fisheries & Aquatic Sciences 41: 989-1000. 
Roff DA. (1992). The Evolution of Life Histories- Theory and Analysis Chapman & 
Hall, New York. 
Roshier DA, Whetton PH, Allan RJ and Robertson AI. (2001). Distribution and 
persistence of temporary wetland habitats in arid Australia in relation to climate. 
Austral Ecology 26: 371-384. 
Ross MR and Almeida PP. (1986). Density-dependent growth of silver hakes. 
Transactions of the American Fisheries Society 115: 548-554. 
Rowland SJ. (1989). Aspects of the history and fishery of the Murray cod, 
Maccullochella peelii peelii (Mitchell). Proceedings of the Linnean Society N.S. W. 
III: 201-213. 
Rowland SJ. (1998). Age and growth of the Australian freshwater fish Murray cod, 
Maccullochella peelii peelii. Proceedings of the Linnean Society of New South 
Wales 120:163-180. 
Roy K, Valentine JW, Jablonski D, and Kidwell SM. (1996). Scales of climatic 
variability and time averaging in Pleistocene biotas: implications for ecology and 
evolution. Trends in Ecology & Evolution 11:458-463. 
Royama T. (1992). Analytical Population Dynamics. Chapman & Hall. 
Ruello NV. (1976). Observations on some massive fish kills in Lake Eyre. Australian 
Journal of Marine & Freshwater Research 27: 667-672. 
Sanchez-Velaso L, Shirasago B, Cisneros-Mata MA, and Avalos-Garcia C. (2000). 
Spatial distributions of small pelagic fish larvae in the Gulf of California and its 
relation to the El Nifio 1997-1998. Journal of Plankton Research 22: 1611-1618. 
SAS Institute (1994) JMp® statistics and graphics guide. SAS Institute Inc., Cary, NC. 
Schaffer WM. (1979). The theory of life-history evolution and its application to Atlantic 
salmon. Symposia of the Zoological Society of London 44: 307-326. 
Scheffer M, Carpenter S, Foley JA, Folke C, and Walker B. (2001). Catastrophic shifts 
in ecosystems. Nature 413:591-596. 
Schulman E. (1956). Dendroclimatic changes in semiarid America University of 
Arizona Press, Tucson, USA. 
Secor DH and Dean JM. (1989). Somatic growth effects on the otolith-fish size 
relationship in young pond-reared striped bass, Marone saxatilis. Canadian 
Journal of Fisheries & Aquatic Sciences 46: 113-121. 
Secor DH and Dean JM. (1992). Comparison of otolith-based back-calculation methods 
to determine individual growth histories of larval striped bass, Marone saxatilis. 
Canadian Journal of Fisheries & Aquatic Sciences 49: 1439-1454. 
Secor DH, Dean JM and Campana SE (ed.) (1995). Recent Developments in Fish Otolith 
Research. University of South Carolina Press, Columbia, South Carolina. 
252 
References 
Shawcross WS, and Kaye M. (1980). Australian Archaeology - Implications of current 
interdisciplinary research. Interdisciplinary Science Reviews 5: 112-128. 
Shawcross WS. (1998). Archaeological excavations at Mungo (3rd draft). Archaeology 
in Oceania draft paper. 
Sheldon F, Boulton AJ, and Puckridge JT. (2002). Conservation value of variable 
connectivity: aquatic invertebrate assemblages of channel and floodplain habitats 
of a central Australian arid-zone river, Cooper Creek. Biological Conservation 
103: 13-31. 
Sheldon F, Thoms MC, Berry 0, and Puckridge JT. (2000). Using disaster to prevent 
catastrophe: Referencing the impacts of flow changes in large dryland rivers. 
Regulated Rivers-Research & Management 16: 403-420. 
Shepherd G and Grimes CB. (1983). Geographic and historical variations in growth of 
weakfish, Cynoscion regalis, in the Middle Atlantic Bight. Fisheries Bulletin U.S. 
81: 803-813. 
Simpson HJ, Cane MA, Herczeg AL, Zebiak SE, and Simpson JH. (1993). Annual river 
discharges in southeastern Australia related to El Nifio Southern Oscillation 
forecasts of sea surface temperatures. Water Resources Research 29: 3671-3680. 
Sinclair AF, Swain DP, and Hanson JM. (2002). Disentangling the effects of size-
selective mortality, density, and temperature on length-at-age. Canadian Journal 
of Fisheries & Aquatic Sciences 59: 372-382. · 
Smith FA, Betancourt JL, and Brown JH. (1995). Evolution of body size in the woodrat 
over the past 25,000 years of climate change. Science 270:2012-2014. 
Smith FA, Browning H, and Shepherd UL. (1998). The influence of climate change on 
the body mass of woodrats, Neotoma, in an arid region of New Mexico, USA. 
Ecography 21:140-148. 
Sogard SM. (1997). Size-selective mortality in the juvenile stage of teleost fishes - a 
review. Bulletin of Marine Science 60: 1129-1157. 
Soutar A and Isaacs JD. (1974). Abundance of pelagic fish during the 19th and 20th 
centuries as recorded in anaerobic sediment off the Californias. Fishery Bulletin 
72: 257-273. 
Sparks TH and Yates TJ. (1997). The effect of spring temperature on the appearance 
dates of British butterflies 1883-1993. Ecography 20: ~68-374. 
Stafford CP, Stanford JA, Hauer FR, and Brothers EB. (2002). Changes in lake trout 
growth associated with Mysis relicta establishment: A retrospective analysis using 
otoliths. Transactions of the American Fisheries Society 131: 994-1003. 
Stafford Smith DM and Morton SR. (1990). A framework for the ecology of arid 
Australia. Journal of Arid Environments 18: 225-278. 
Statzner B, Resh VH and Roux AL. (1994). The synthesis of long-term ecological 
research in the context of concurrently developed ecological theory- design of a 
research strategy for the upper Rhone River and its floodplain. Freshwater Biology 
31:253-263. 
Steams SC. (1992). The Evolution of Life Histories Oxford University Press, Oxford. 
Steen H, Ims RA, and Sonerud GA. (1996). Spatial and temporal patterns of small-
rodent population dynamics at a regional scale. Ecology 77:2365-2372. 
Stefan HG, and Sinokrot BA. (1993). Projected global climate change impact on water 
temperatures in five north-central United States streams. Climatic Change 24:353-
381. 
Stevenson SK and Campana SE (ed.) (1992). Otolith Microstructure Examination and 
Analysis. Department of Fisheries and Oceans, Ottawa. 
Stevenson SK and Jones CM. (1992). pp. 73-100 in Stevenson SK and Campana SE 
(ed.) Otolith Microstructure Examination and Analysis. Department of Fisheries 
and Oceans, Ottawa. 
253 
References 
Stuartwilliams HL and Schwarcz HP. (1997). Oxygen isotopic determination of climatic 
variation using phosphate from beaver bone, tooth enamel, and dentine. 
Geochimica et Cosmochimica Acta 61: 2539-2550. 
Sutcliffe OL, Thomas CD, and Moss D. (1996). Spatial synchrony and asynchrony in 
butterfly population dynamics. Journal of Animal Ecology 65:85-95. 
Suzuki A, Gagan MK, De Deckker P, Omura A, Yukino I and Kawahata H. (2001). Last 
Interglacial coral record of enhanced insolation seasonality and seawater 0-18 
enrichment in the Ryukyu Islands, northwest Pacific. Geophysical Research 
Letters 28: 3685-3688. 
Swales S, Storey AW, Roderick ID, and Figa BS. (1999). Fishes of floodplain habitats 
of the Fly River system, Papua New Guinea, and changes associated with El Nifio 
droughts and algal blooms. Environmental Biology of Fishes 54: 389-404. 
Taborsky B, Dieckmann U, and Heino M. (2003). Unexpected discontinuities in life-
history evolution under size-dependent mortality. Proceedings of the Royal Society 
of London - $eries B: Biological Sciences 270: 713-721. 
Tanasichuk RW. (1999). Interannual variation in the availability and utilization of 
euphausiids as prey for Pacific hake (Merluccius productus) along the south-west 
coast of Vancouver Island. Fisheries Oceanography 8: 150-156. 
Thomas CD. (1994). Exti:p.ction, colonization, and metapopulations - environmental 
tracking by rare species. Conservation Biology 8: 373-378. 
Thomas RM. (1983). Back-calculations and the time of hyaline ring formation in the 
pilchard off South West Africa. South African Journal of Marine Science 1:3-18. 
Thoms MC and Sheldon F. (2000). Lowland rivers: An Australian introduction. 
Regulated Rivers-Research & Management 16: 375-383. 
Thorrold SR, Campana SE, Jones CM, and Swart PK. (1997). Factors determining delta-
C-13 and delta-0-18 fractionation in aragonitic otoliths of marine fish. 
Geochimica et CosmochimicaActa 61:2909-2919. 
Timmermann A. (1999). Increased El Nifio frequency in a climate model forced by 
future greenhouse warming. Nature 398:694-696. 
Trippel EA, Buzeta MI and Hunt JJ. (1995). Evaluation of the cost of reproduction in 
Georges Bank Atlantic cod (Gadus morhua): utility of otolith back-calculation. pp. 
599-616 in Secor DH, Dean JM and Campana SE (ed.) Recent Developments in 
Fish Otolith Research. University of South Carolina Press, Columbia, South 
Carolina. 
Unmack PJ. (1995). Desert fishes down under. In Proceedings of the Desert Fishes 
Council 1994, Vol. 26: pp. 71-95. 
van Winkle W, Rose KA, Winemiller KO, Deangelis DL, Christensen SW, Otto RG and 
Shuter BJ. (1993). Linking life history theory, environmental setting, and 
individual-based modelling to compare responses of different fish species to 
environmental change. Transactions of the American Fisheries Society 122: 459-
466. 
Vera JM and Sanchez P. (1997). Patterns in marine fish communities as shown by 
artisanal fisheries data on the shelf off the Nexpa river, Michoacan, Mexico. 
Fisheries Research 33: 149-158. 
Vilizzi L and Walker KF. (1999). Age and growth of the common carp, Cyprinus 
carpio, in the river Murray, Australia: validation, consistency of age interpretation, 
and growth models. Environmental Biology of Fishes 54:77-106. 
Von Bertalanffy L. (1957). Quantitative laws in metabolism and growth. Quarterly 
Review of Biology 32:217-231. 
Walker KF, Puckridge JT, and Blanch SJ. (1997). Irrigation development on Cooper 
Creek, central Australia-prospects for a regulated economy in a boom-and-bust 
ecology. Aquatic Conservation: Marine and Freshwater Ecosystems 7: 73-78. 
Walker KF, Sheldon F, and Puckridge JT. (1995). A perspective on dryland river 
ecosystems. Regulated Rivers-Research & Management 11: 85-104. 
254 
References 
Walker KF. (1985). A review of the ecological effects of river regulation in Australia. 
Hydrobiologia 125: 111-129. 
Walsh KJE, and Ryan BF. (2000). Tropical cyclone intensity increase near Australia as a 
result of climate change. Journal of Climate 13:3029-3036. 
Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, Fromentin JM, 
Hoegh-Guldberg 0, and Bairlein F. (2002). Ecological responses to recent climate 
change. Nature 416:389-395. 
Ward JV and Tockner K. (2001). Biodiversity: towards a unifying theme for river 
ecology. Freshwater Biology 46: 807-819. 
Ware DM. (1980). Bioenergetics of stock and recruitment. Canadian Journal of 
Fisheries & Aquatic Sciences 37:1012-1024. 
Wasson RJ. (1985). Landform development in Australia. Pages 23-33 in Barker WR and 
Greenslade PJM (ed.). Evolution of the Flora and Fauna of Arid Australia. 
Peacock Publications, Adelaide. 
Weatherly AH and Gill HS (ed.) (1987). The Biology of Fish Growth. Academic Press, 
London and New York. 
Webster KE, Soranno PA, Baines SB, Kratz TK, Bowser CJ, Dillon PJ, Campbell P, Fee 
BJ, and Hecky RE. (2000). Structuring features of lake districts: landscape controls 
on lake chemical responses to drought. Freshwater Biology 43:499-515. 
Welcomme RL. (1995). Relationships between fisheries and the integrity of river 
systems. Regulated Rivers-Research & Management 11: 121-136. 
Whitford WG, Rapport DJ, and deSoyza AG. (1999). Using resistance and resilience 
measurements for 'fitness' tests in ecosystem health. Journal of Environmental 
Management 57: 21-29. 
Wilby RL. (1993). The influence of variable weather patterns on river water quantity 
and quality regimes. International Journal of Climatology 13:447-459. 
Williams DD. (1987). The Ecology of Temporary Waters Croom Helm, London. 
Williams DW, and Liebhold AM. (2000). Spatial synchrony of spruce budworm 
outbreaks in eastern North America. Ecology 81:2753-2766. 
Williams T and Bedford BC. (1974). The use of otoliths for age determination. pp. 114-
123 in Begenal TB, (ed.). The Ageing of Fish. Unwin Brothers Ltd., Surrey, 
England. 
Winemiller KO and Anderson AA. (1997). Response of endangered desert fish 
populations to a constructed refuge. Restoration Ecology 5: 204-213. 
Winemiller KO and Rose KA. (1992). Patterns of life-history diversification in North 
American fishes: implications for population regulation. Canadian Journal of 
Fisheries & Aquatic Sciences 49: 2196-2218. 
Winemiller KO. (1989). Patterns of variation in life-history among South American 
fishes in seasonal environments. Oecologia 81: 225-241. 
Woodbury D. (1999). Reduction of growth in otoliths of widow and yellowtail rockfish 
(Sebastes entomelas and S. flavidus) during the 1983 El Nifio. Fishery Bulletin 
97:680-689. 
Woodroffe CD and Gagan MK. (2000). Coral microatolls from the central Pacific record 
late Holocene El Nifio. Geophysical Research Letters 27: 1511-1514. 
Wootton RJ. (1990). Ecology ofTeleost Fishes Chapman and Hall. 
Wright PJ, Fallon-Cousins P, and Armstrong JD. (2001). The relationship between 
otolith accretion and resting metabolic rate in juvenile Atlantic salmon during a 
change in temperature. Journal of Fish Biology 59:657-666. 
Wright PJ. (1991). The influence of metabolic rate on otolith increment width in Atlantic 
salmon parr, Salmo salar. Journal of Fish Biology 38:929-933. 
Wurster CM and Patterson WP. (2001). Seasonal variation in stable oxygen and carbon 
isotope values recovered from modern lacustrine freshwater mollusks: 
Paleoclimatological implications for sub-weekly temperature records. Journal of 
Paleolimnology 26: 205-218. 
255 
References 
Yamamoto T, Ueda H, and Higashi S. (1998). Correlation among dominance status, 
metabolic rate and otolith size in Masu salmon. Journal of Fish Biology 52:281-
290. 
Young WD. (2001). Landscapes, climates and flow regimes. Pages 135-171 in Young 
WJ, (ed.). Rivers as ecological systems. The Murray Darling Basin Commission, 
Canberra, Australia. 
256 
